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CHAPTER 1
 
General Introduction
 
The relevance of basic ecological research to the environmental problems facing 
our rapidly growing human population has never been clearer (Lubchenco et al. 1991). 
Human activities have begun to alter global processes such as temperature regulation, 
control of UV absorption, and the cycling of nutrients (Vitousek et al 1997a). For 
example, a recent study (Vitousek et al. 1997b) estimates that movements of total 
dissolved nitrogen into the rivers of the north Atlantic ocean basin and the North Sea 
region have increased as much as 20-fold since pre-industrial times. These increases are 
highly correlated with human generated inputs to the watershed. The increase in nitrogen 
and phosphorous loadings to nearshore waters is not without serious ecological 
consequences. Excess nutrients can cause problems ranging from toxic algal blooms, 
severe and extensive hypoxia and anoxia, fishkills, loss of biodiversity, loss of aquatic 
plant beds and coral reefs (Carpenter et al. 1998). The resultant eutrophic state is often 
persistent and slow to recover. Although the eutrophication of coastal seas and estuaries 
is one of the best understood consequences of human-altered nitrogen cycling (Vitousek 
et al. 1997b), our knowledge of how nutrient dynamics influence the structure of open 
coast ecosystems is surprisingly poor (Menge 1992). 2 
In marine ecosystems, the phenomenon of upwelling, whereby nutrient-rich 
waters from great depth replace nutrient-depleted surface waters driven offshore by 
strong winds, is well understood (Bakun 1996). The association of the world's most 
productive fisheries with coastal upwelling systems is renowned. However, recent 
fisheries crises involving cod in the Great Banks, the Pacific salmon in the western 
United States, or the anchoveta fishery off the coast of Peru, for example, suggest that 
even in these highly productive systems, there are limits to the amount of fish that can be 
taken without running the risk of extinction, or serious alteration of ecosystem 
functioning (Daniel et al. 1998). Recent research has also indicated the vital role that 
large-scale oceanographic phenomena such as the El Nifio  Southern Oscillation 
(ENSO) have in influencing the population dynamics of many commercially important 
fish populations ( Bakun 1996). Anecdotal evidence suggests these effects cascade up 
through the food chain, from phytoplankton, to zooplankton, to small fish, to large fish, 
to seabirds. There is also evidence that resources of oceanic origin can make significant 
contributions to terrestrial systems, particularly where terrestrial productivity is low, and 
that these effects can vary in association with ENSO events (Polis and Hurd 1995, 1996, 
Polis et al. 1997). 
However, because these large-scale (100-1000's of kilometers) oceanographic 
processes have been thought to define the nutrient fluxes for a region, and waters were 
considered relatively homogeneous over smaller ecological scales (1-10's of kilometers), 
little consideration has been given to how nutrients might influence the ecological 
dynamics of open coast communities (Menge 1992). Additionally, the ability to 
manipulate nutrients in controlled experiments in an open coast environment is limited. 3 
However recent interdisciplinary research, combining on-shore experimental and 
comparative ecology, with near-shore oceanography, has helped to develop a new 
appreciation for the interactions and fluxes among pelagic, subtidal, and intertidal 
habitats (Bosman et al. 1986, Bosman and Hockey 1986, 1988, Bosman 1987, Duggins et 
al. 1989, Menge 1992, Bustamante et al. 1995a, 1995b, Menge et al. 1995, 1998, 
Bustamante and Branch 1996). "Bottom-up" factors, such as nutrients or the productivity 
of phytoplankton, are receiving more attention in marine ecology as it becomes apparent 
that both top-down (i.e., trophic interactions) and bottom-up factors contribute to the 
structure and dynamics of marine communities, as in freshwater and terrestrial systems 
(e.g., Hunter and Price 1992, Persson et al. 1995). 
In the quest for a general understanding of biological communities and 
identification of the major factors that influence community structure and dynamics, 
ecology has utilized both a detail-oriented, species level approach and the more abstracted 
approach using generalized models. The dialogue between theoretical and empirical 
ecology has gone through periods of dynamic interaction resulting in great progress in 
ecological understanding, and subsequent periods of relative stasis, where empiricists and 
theoreticians communicated less frequently (Kareiva 1989). A healthy relationship 
between theory and empiricism is clearly important to the organized progression of 
knowledge. 
For example, during the mid-part of this century ecological research focussed on 
the influence of competition in defining species niches and its impact on the distribution 
and abundance of organisms. Great debate ensued about the relative importance of 
competition vs. predation in driving population dynamics. A relatively simple, 4 
conceptual model (Hairston et al. 1960) relating the prevalence of competition vs. 
predation in driving population dynamics to trophic-level position spawned a new 
generation of multi-species, community-level models (e.g., Rosenzwieg 1971, Menge and 
Sutherland 1976, 1987, Fretwell 1977, Oksanen et al. 1981, Leibold 1989, Hunter and 
Price 1992, Power 1992, Hairston and Hairston 1993, 1997, Menge et al. 1995). Many of 
these subsequent, more detailed community models were the result of understanding 
gained during empirical testing of simpler models and their assumptions. 
Experimental field ecology in rocky intertidal systems has been particularly 
helpful in elucidating complex interactions, in part due to the small scale over which 
environmental gradients occur, the relatively short life cycle of the organisms and the 
ease of manipulating organisms of interest (Paine 1994). To continue building on the rich 
foundation of ecological understanding in intertidal systems, my thesis considers the 
applicability of two ecological models to an intertidal community, with an emphasis on 
exploring the influence of bottom-up processes on community structure and dynamics. 
As stated above, manipulation of nutrients in open coasthabitats is not easily 
done (but see Bosman et al. 1986, Bosman 1987, McGlathery 1995, Posey et al. 1995, for 
some examples), however intertidal pools provide a semi-closed environment where 
nutrients can be manipulated at least during periods of tidal isolation. I devised a 
stationary, timed-release nutrient dispenser that could be anchored into the bottom of 
tidepools to manipulate nutrient levels. Historical and physical differences among pools 
adds considerable variation (Dethier 1982, 1984, Metaxas and Scheibling 1993), making 
studies of naturally occurring pools difficult. Likewise, naturally occurring pools are 
often not distributed across intertidal benches in a manner appropriate to rigorous 5 
analysis. Therefore, I followed the example of van Tame len (1992, 1996) and created 
tidepools, of equivalent physical dimensions and with an appropriate spatial distribution, 
using a gas-powered jackhammer. 
In chapter two, I extend a simple food-chain model to include predictions based 
on the incorporation of hypothesized effects of wave energy and water motion, and test 
the predictions by manipulating nutrients and the abundance of herbivores at two sites 
that varied in degree of wave-exposure. I combined an ecosystem-level technique for 
measuring community metabolism, with the classic light and dark bottle technique for 
measuring phytoplankton productivity used by limnologists and oceanographers, to 
measure the flux of dissolved oxygen in intertidal pools, and calculated primary 
productivity of benthic macroalgae. I monitored macroalgal standing crop and the 
abundance of consumers, as well, over a two-year period. Although the patterns that 
emerged were complex and did not fully agree with the predictions of simple-food chain 
models, I demonstrated that nutrients can have important effects, even in an upwelling 
system not generally regarded as nutrient limited. 
While testing the efficacy of nutrient dispensers, I observed that the nutrient levels 
in tidepools were often not substantially elevated when dispensers were in place. Because 
I knew from lab and field trials, that the dispensers released nutrients at a relatively rapid 
rate, I decided to explore the relationship between nutrient fluxes and community 
structure. In chapter three, I present data on the dynamics of nutrients in pools during 
low tide, in pools with and without nutrient additions, and in the presence and absence of 
herbivores. I propose that the structure of tidepool algal assemblages is influenced by 6 
nutrient limitation, and that the degree of limitation can be modeled as a function of pool 
volume, duration of tidal isolation, and high tide water flow regimes. 
The ability to abstract patterns from noisy, species-rich communities, has 
depended on our ability to designate both useful functional groups of species and 
important environmental gradients. In chapter four, I examined a functional group 
approach to modeling the structure of intertidal algal assemblages. Steneck and Dethier 
(1994) proposed that two opposing environmental gradients, one of biomass enhancement 
and the other of biomass reduction, are primary determinants of the distribution and 
abundance of algal functional groups. They defined two gradients, one of productivity 
potential and one of "disturbance" potential. They suggested that all biomass-reducing 
processes have similar consequences for the distribution and abundance of the functional 
groups they defined, thus herbivory and physical disturbances are substitutable in their 
model. I used the species-specific data I had collected during the experiment described in 
chapter two, to group seaweeds into Steneck and Dethier's functional group scheme. I 
also used data I had collected on herbivore biomass, physical gradients, and algal 
productivity to test the predictions of their model. Although many, but not all, functional 
groups responded in a predictable fashion to these gradients, the overall patterns were not 
in agreement with model predictions. I argue that a more comprehensive approach to 
modeling gradients of environmental potential and separate treatment of physical and 
biological processes in the models would improve the functional group approach. 7 
CHAPTER 2
 
Bottom-up and Top-down Forces in Tidepools:
 
Test of a Simple Food Chain Model in a Rocky Intertidal Community
 
ABSTRACT 
A simple food-chain model of community structure was used to evaluate the roles 
of bottom-up and top-down factors in a rocky intertidal community. Predictions of the 
model were modified to incorporate known variation in the strength of species 
interactions and nutrient delivery rates along a wave exposure gradient. To test the 
predictions of the model I manipulated nutrients and consumers in tidepools chiseled into 
mudstone benches at two sites that varied in degree of wave exposure. The pools were in 
the mid zone between 1-1.5m above MLLW, at Boiler Bay, OR . The focal organisms 
were the benthic macroalgae and mobile invertebrate herbivores that dominate naturally 
occurring tidepools at this site. 
I manipulated nutrient levels and the abundance of herbivores in these tidepools in 
a fully factorial randomized block design replicated six times at a wave exposed and 
wave protected site. The experiment was maintained for two years (1994-1996). The 
abundances of herbivores and macroalgae were monitored in the spring, summer and fall 
of each year. I measured primary productivity of the tidepools during the summer. 
Herbivores had a negative impact on algal abundance and productivity that 
declined with wave exposure. Nutrients had a positive effect on algal abundance and 
productivity that also declined with wave exposure, but only in the absence of herbivory. 8 
While the pattern of algal abundance was consistent with model predictions for both 
bottom-up and top-down effects, the negative impact of herbivores on algal productivity 
was not. In contrast to predictions, herbivores did not respond to the nutrient treatment. 
This de-coupling of consumers from resource dynamics is interpreted to be the 
result of a herbivore preference for non-calcified seaweeds with higher potential growth 
rates. In wave-protected pools, where nutrients were most limiting and consumers were 
most efficient, seaweeds with the potential to translate elevated nutrient levels into 
growth had no effective refuge from consumers. The difference in scale between 
resource patches (tidepools) and the foraging range of the dominant herbivore, Tegula 
funebralis, in wave-protected pools may have augmented the ability of this herbivore to 
virtually exclude fleshy seaweeds. Expanding the domain of applicability of food-chain 
models to tidepool communities will require the incorporation of consumer preferences, 
differences in algal growth rates, and differences in the relative scales of resource patches 
and foraging ranges of consumers. 
INTRODUCTION 
In rocky intertidal habitats experimental ecology has generated important insights 
and conceptual understanding about the structure and dynamics of communities not only 
applicable to marine systems but to terrestrial and freshwater systems as well. Classic 
studies in marine ecology have expanded our understanding of the role of predation 
(Paine 1966, Estes and Palmisano 1974) and competition (Connell 1961) in regulating the 
distribution and abundance of organisms, elegantly documented the interplay between 9 
competition and predation (Paine 1966, Dayton 1971, Menge and Sutherland 1976, 
Lubchenco 1978) and incorporated the role of physical factors in modifying biological 
interactions (Lubchenco and Menge 1978, Menge 1978). Most of the studies done in 
rocky intertidal systems have focused on the roles of competition and predation (sensu 
latu: including herbivory and collectively referred to as top-down factors). Historically, 
the role of basal resources such as nutrient availability or other factors influencing the 
level of primary productivity (bottom-up factors) has received relatively little attention. 
Menge (1992) pointed out that this is likely the result of a combination of factors. 
A traditional baseline assumption for marine ecologists had been that significant and 
consistent variation in primary productivity was at larger scales (e.g., tropical vs. 
temperate habitats at scales on the order of 1000's of km) than could possibly be of 
importance to local dynamics (e.g., reefs within a region 10-100's of km). In addition, 
although easy manipulation of organisms has been the hallmark of experimental ecology 
in rocky intertidal systems, the ability to manipulate primary productivity or nutrient 
levels is clearly limited. Recent research has shown however, that bottom-up factors do 
vary in meaningful ways between sites at relatively small spatial scales (within a region 
10-100's of km) even in intertidal systems (Menge 1992, Bustamante et al. 1995b, 
Menge et al. 1995, 1997a, 1997b). 
Ecological theory has not always embraced the idea that top down and bottom up 
forces are inextricably linked to produce patterns in community structure. For example, 
Hairston, Smith & Slobodkin (1960) presented a top down view of community structure 
for three trophic level, terrestrial communities that provided a simple but elegant 
theoretical resolution to the historical debate between the proponents of competition vs. 10 
predation structured populations. Their model of community structure stated that 
carnivore and plant abundance should be limited by resources, and that herbivore 
abundance should be limited by predation. Because their model did not consider how 
variation in primary productivity might alter the relationships between trophic levels, it 
presented a top-down view of the world, where predation plays the major role in defining 
community structure. This one-sided view spawned a new topic of debate for ecologists 
over the prevalence of bottom-up vs. top-down factors in structuring communities 
(Hunter and Price 1992, Power 1992, Strong 1992, Polis 1994). 
Mathematical formulations of Hairston, Smith and Slobodkin's (1960) simple 
verbal model of community structure are typically based on Lotka -Volterra predator-prey 
models (e.g., Oksanen, et al. 1981). Further modifications, both theoretical and 
empirical, have included real world complications such as: within trophic level 
heterogeneity, omnivory, and variation in primary productivity (Murdoch 1966, Fretwell 
1977, White 1978, Oksanen et al. 1981, Leibold 1989, Abrams 1993). Models by 
Fretwell (1977) and Oksanen, et al. (1981) incorporating variation in primary 
productivity predict that over a gradient of increasing primary productivity, the top 
trophic level in a system will increase in abundance, as will alternate levels below it, but 
intervening levels will not increase (Fig 2.1). Thus primary productivity can influence 
both the number of trophic levels and the absolute abundance of organisms on  those 
levels that are controlled by their resources. 
There are many empirical studies from a variety of habitats that support this 
relatively simple trophic cascade model of community structure (Estes and Palmisano 
1974, Paine 1980, Oksanen 1983, Carpenter et al. 1985, McNaughton et al. 1989, Power 11 
1990, Rosemond 1993, Wootton and Power 1993, Marquis and Whelan 1994, Stiling and 
Rossi 1997). However, there are also many studies that suggest that food webs can not 
always be simplified into uniform trophic levels (with food chain like dynamics) and that 
heterogeneity within a trophic level can result in alternative patterns of abundance 
( Leibold 1989, McQueen et al. 1989, Leibold and Wilbur 1992, Menge et al. 1994, 1995, 
Brett and Goldman 1997). Polis and Strong (1996) argue that trophic complexity (such 
as omnivory) is common, and therefore that generalizations with respect to trophic 
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Figure 2.1. Relative abundance of trophic levels as a function of primary productivity. 
Relationships are based on a simplified interpretation of Oksanen et al. (1981). Figure 
redrawn from Leibold (1989). 12 
levels are unlikely to describe adequately the majority of systems. In contrast, Hairston 
and Hairston (1993, 1997) counter that overarching general patterns exist despite the 
complexity. 
Theoretical considerations of how trophic complexity might alter the predictions 
of simple food-chain models have led to new predictions about the conditions under 
which we would expect to see a cascade effect, and when it would be unlikely to occur. 
Abrams' (1993) exploration of within-trophic level heterogeneity has shown that trophic 
cascades can occur in both heterogeneous and homogeneous food webs. However, three 
major factors, other than within level heterogeneity, prevented trophic cascades from 
occurring, as the level of primary productivity increased: omnivory, interference 
competition or density dependent effects at the top trophic level, and adaptive foraging by 
individuals on intermediate trophic levels. Some theoreticians have argued that many of 
these phenomena (density dependent effects, adaptive foraging) can be better predicted 
by using alternative model formulations such as ratio dependent models (e.g., Arditi and 
Ginzburg 1989, Akcakaya et al. 1995). 
Many ecologists have suggested that because food-chain models are based on the 
assumption of closed systems, with no immigration or emigration, they do not 
realistically capture the dynamics of natural systems. In natural systems, the foraging 
range of predators may far exceed the foraging range of their prey, and basal resources 
from adjacent habitats may contribute a significant fraction of the diet of primary 
consumers. Polis and Strong (1996) have argued that trophic subsidies from adjacent 
habitats (e.g., Bustamante et al. 1995a, Polis and Hurd 1995, Polis and Hurd 1996, 13 
Wallace et al. 1997), which effectively de-couple feedback between consumers and their 
resources, may be a common phenomenon. Thus although trophic cascades may be 
experimentally generated, the model mechanisms which are based on in situ productivity 
are invalid. For example Power's (1990) study demonstrating trophic cascades in rivers 
includes a top predator (juvenile steelhead) which spends most of its adult life in the 
ocean. Stream invertebrates also often receive a significant subsidy from terrestrial 
detritus that can cascade up to predators (Wallace et al. 1997). 
The physiological or physical harshness of the environment may also affect which 
factors are important as controlling agents (Menge and Sutherland 1976, 1987, 
Lubchenco and Menge 1978, Menge 1978, Menge and Olson 1990, Chase 1996). For 
example in a wave exposed rocky intertidal community, consumers can be inhibited by a 
physically harsh environment (e.g., strong wave forces can dislodge consumers; 
Lubchenco and Menge 1978, Menge 1978), while primary productivity can be 
physiologically enhanced (e.g., strong wave forces and high water flow increases nutrient 
delivery rates and light utilization by macroalgae; Leigh et al. 1987). In a terrestrial 
example, Chase (1996) demonstrates that a physical factor (shade) that limits an 
intermediate trophic level herbivore's (grasshoppers) ability to consume its resource 
results in both decreased survivorship of grasshoppers in the presence of predators and an 
increase in plant biomass. 
All of the above examples point to the need for more empirical work to tease apart 
the conditions under which trophic cascade models apply. Our ability to move beyond 
the "intermediate stage of model development" (Menge and Olson 1990) and address 
essential questions such as, "under which combination of conditions do we expect to see 14 
bottom up vs. top down forces influence community structure?" will only be achieved as 
multifactorial studies are done across a variety of systems. Synthetic analyses of the 
interacting effects of top-down and bottom-up forces have primarily emerged from 
studies done in freshwater habitats; similar multi-factor experimental studies have been 
rare in both terrestrial and marine systems (Hunter and Price 1992, Menge 1992) although 
recent research is beginning to advance our understanding (Wootton 1991, McGlathery 
1995, Posey et al. 1995, Stiling and Rossi 1997). Hunter and Price (1992) suggested that 
bottom-up factors necessarily set the stage upon which all biological interactions are 
carried out, because in the extreme case, in the absence of primary producers, there is no 
community. The dichotomy posed between bottom-up and top-down forces, as alternate 
determinants of community structure, is clearly overstated. A more pluralistic approach, 
where due consideration is given to both factors, and the way in which they interact, is 
likely to yield significant increases in our understanding of biological systems. Given the 
breadth of our understanding, and the rich array of conceptual advances that have been 
made from research in rocky intertidal systems, expanding the scope of research to 
incorporate bottom-up factors has great potential to provide ecology with valuable 
insights. 
Rocky intertidal research has lagged far behind terrestrial and freshwater ecology 
in its investigation of bottom-up factors. Initial investigations of the role of nutrients and 
productivity in marine systems have primarily utilized natural experiments and/or the 
comparative approach due to the inherent difficulty of manipulating factors such as 
nutrients in open systems (Bosman and Hockey 1986, 1988 Birkeland 1987, 1988, 
Bosman 1987, Duggins et al. 1989, Wootton 1991, Menge 1992, Menge et al. 1994), (but 15 
see Bosman et al. 1986, McGlathery 1995, Posey et al. 1995, Wootton et al. 1996). The 
results of these studies support the idea that bottom up forces may be important in 
determining the structure of marine communities. Experiments conducted to date have 
been suggestive but inconclusive (due to issues of replication, inadequate measurement of 
appropriate variables to justify inferences, or limitation to sub-webs of a community). 
The goal of this study was to evaluate experimentally all of the likely key 
influences on macrophytes: the role of nutrients and their interaction with herbivores, and 
the physical gradients associated with wave exposure in a rocky intertidal community. 
Experimental manipulation of nutrients is not easily done along stretches of open coast 
habitats, but is feasible in small tidepools which provide a useful experimental system. 
Because pools are isolated from the ocean during low tide periods, their nutrient 
concentrations can be manipulated. Tidepools also provide a refuge from desiccation for 
consumers during low tide, allowing them to continue foraging and feeding during 
periods when they might not be able to continue on adjacent benches. Thus these pools 
also serve as distinct patches within the habitat that vary from adjacent areas in 
accessibility and quality of resources. Furthermore, the effects of hydrodynamic forces 
on nutrient delivery rates and consumer foraging patterns (discussed above) can be 
addressed by experiments conducted simultaneously at locations that differ in their 
degree of wave exposure. 
Communities in natural tidepools at mid and high tidal heights at sites on the 
Oregon coast consisted of two functional trophic levels: primary producers (benthic 
algae) and herbivorous invertebrates such as the snails, Tegula funebralis and Littorina 
scutulata, several species of limpets, chitons, and small crabs (personal observation, 16 
unpublished data). I experimentally manipulated nutrient concentrations and the 
abundance of herbivores in a randomized block design, at both a wave exposed and a 
wave protected site. This experimental design allowed me to test the major hypotheses 
derived from simple food chain models that incorporate both bottom-up and top-down 
factors. I was also able to include a priori predictions, based on prior knowledge of the 
impact of physical factors on biotic interactions in wave-swept environments, of how the 
effects of nutrients and herbivory might differ between sites varying in their degree of 
wave exposure (Fig. 2.2) The following predictions were explicitly evaluated: 
1) nutrient enrichment in a two trophic-level system (primary producers and 
herbivores) will result in: a) increased primary productivity, b) increased 
herbivore abundance (biomass) and c) no increase in the abundance (biomass) 
of algae; 
2) nutrient enrichment in a single trophic level system (herbivores excluded) will 
result in increased primary productivity and abundance of algae; 
3) nutrients will be more limiting to algal growth at wave protected than wave 
exposed sites and; 
4) the effectiveness of herbivores in controlling algal abundance will decline 
with increasing wave exposure. 17 
Protected  Exposed 
High 
Low 
High 
Low 
High 
Low 
Ambient  High  Ambient 
Nutrient Treatment 
High 
Figure 2.2. Predicted effects of increasing nutrients and reducing the abundance of 
herbivores in a two-trophic level system. The predictions were based on food-chain 
models, but were modified to include hydrodynamic effects on both consumer foraging 
efficiency and nutrient delivery rates. Nutrient delivery rates were predicted to be lower 
in wave-protected than wave-exposed sites, hence the potential for limitation of algal 
growth is greater in wave-protected sites. Hydrodynamic forces were predicted to limit 
the foraging efficiency of consumers in wave exposed locations. Solid lines () 
indicate predictions based on food-chain models; dotted lines (  ) indicate the maximum 
predicted change due to hydrodynamic factors. See text for details. 18 
METHODS
 
Description of Field Site 
Boiler Bay is located 20 km north of Newport on the central coast of Oregon 
(44°50'N, 124°03'W). Both the ecology and nearshore oceanography of this site are well 
known (Turner 1983b, 1983a, Gaines 1984, Menge 1992, Menge et al. 1993, 1994, 
1995, 1997a, 1997b, van Tamelen 1996). Boiler Bay consists of a series of small coves 
and benches composed of mudstone sheltered to the south by the large cliffs of 
Government Point, and to the north by a complex of more wave exposed reefs made up of 
basaltic and conglomerate rock. The tidepools used in this study were located on a gently 
sloping mudstone bench divided by narrow channels. I chose two sites within the cove to 
represent the two extremes of the wave exposure gradient that extends from landward to 
seaward across the bench. 
The low zone at Boiler Bay is dominated by diverse algal and surfgrass beds and 
beds of urchins (Strongylocentrotus purpuratus and S. franciscanus) in the very low 
intertidal and shallow subtidal zones. Deep channels surrounding the wave exposed mid-
intertidal benches are sharply zoned from bottom to top with urchins at the bottom, large 
anemones (Anthopleura xanthogrammica) along the middle of the channel walls, then a 
broad band of algae on the upper walls, a relatively bare zone around the perimeter of the 
upper bench surfaces, and mussel beds dominating the center of the benches. 
Large mobile invertebrates found in the channels include the seastar, Pisaster 
ochraceus, the gum-boot chiton, Cryptochiton stelleri, and the sunstar, Pycnopodia 19 
helianthoides. Boiler Bay has relatively high abundances of the large herbivore 
Cryptochiton stelleri and the predator Pycnopodia helianthoides but the intertidal 
predator Pisaster ochraceus is relatively rare (Menge et al. 1994, Navarrete and Menge 
1996). 
Tidepools at this site are naturally abundant in the soft, rapidly eroding mudstone 
benches, and have been described by van Tamelen (1996). Major space occupiers 
include: articulated coralline algae (Corallina vancouveriensis, Calliarthron 
tuberculosum, and Bossiella plumosa), a diverse group of fleshy red seaweeds (primarily 
Mazzaella splendens, Odonthalia floccosa, Prionitis lanceolata, Cryptosiphonia woodii 
and Dilsea californica), coralline crusts, and red and brown fleshy crusts (van Tamelen 
1992, 1996, Nielsen personal observations, unpublished data). Distinct zonation patterns 
often exist from the top to the bottom of the pools as a result of scour by cobbles and 
gravel, resulting in bare space toward the bottom of the pools, crustose algae in the mid 
zones, and with erect forms most abundant toward the top (van Tamelen 1996). The 
turban snail, Tegula funebralis, was very abundant in wave-protected pools, while 
limpets (Lottia spp.) were far more prevalent in wave-exposed pools (Nielsen personal 
observations, unpublished data). 20 
Experimental Design 
In August 1994, I used a jackhammer to chisel 84 bowl-shaped tidepools (mean + 
SEM surface diameter 40.1 + 0.3 cm, depth 15.8 ± 0.2 cm, and volume 11.5 + 0.2 L) into 
haphazardly chosen mudstone benches at Boiler Bay. Creating a uniform set of new 
tidepools of equivalent age and dimensions reduced the problems of historical and 
physical differences among natural pools. The tidepools were made between +0.97 and 
+1.63 m above mean lower low water. Six replicate blocks of seven tidepools each were 
established at each wave exposure. To test predictions of the model I established three 
levels of nutrients (ambient, low and high) and two herbivore treatments (natural and 
reduced abundance hereafter referred to as + herbivores and  herbivores, respectively) in 
a fully factorial design, including appropriate manipulation controls (Fig. 2.3) 
Herbivore abundance was manipulated using a combination of methods. Limpets 
and chitons were prevented from crawling into pools by barriers of Z- sparTM marine 
epoxy putty (Seattle Marine, Seattle, WA) coated with copper based anti-fouling paint. 
Juvenile recruits settling out from the water column were manually removed during each 
seasonal census. Some herbivores (e.g., Tegula funebralis) were not deterred by paint 
barriers but were excluded by plastic mesh (1/4") lids of translucent Vexar® (Norplex, 
Kent, WA) which covered the tidepools. I used two methods to control for herbivore 
manipulations and while allowing herbivores to accumulate at natural levels. To allow 
limpets and chitons to enter, partial barriers were painted around pools. To allow Tegula 
to enter, lids with appropriate sized openings were placed over the same pools. Although 21 
the plastic lids were translucent, they did reduce incident light below natural levels. I 
measured photosynthetically active radiation (PAR) 2 cm below the mesh with a 2ir 
sensor attached to a quantum meter (Li-Cor model Nos. LI-192SA and LI-189, 
respectively). The mesh reduced PAR by 27.7% (± 1.5 SEM, n=10) when the mesh was 
dry but by only 14.6% (±1.8 SEM, n=10) when wet. The mesh lids were installed in 
November 1994; the paint barriers were completed in April 1995. 
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Figure 2.3. Experimental design. Three nutrient levels (ambient, low and high) were 
established with nutrient dispensers attached to the bottom of the pools. Herbivores were 
excluded using epoxy putty barriers painted with copper-based anti-fouling paint and 
translucent plastic mesh lids fastened over the pools by Plexiglas washers and stainless 
steel screws. Manipulation controls that allowed herbivores to enter pools consisted of 
broken barriers and lids with the corners cut off. A single un-manipulated pool was also 
included to assess artifacts, if any, from the manipulations. Six replicates were 
established at both wave exposed and wave protected sites in a randomized block design. 
Each treatment was represented once in each block. See text for additional details. 22 
Nutrients were manipulated via nutrient dispensers installed in the pools. 
Dispensers were fashioned from capped and perforated pieces of PVC pipe (3 cm 
diameter, 12 cm long) lined with plastic window screen to retain Osmocote® controlled-
release fertilizer granules (14-14-14 formulation: resin coated granules of ammonium 
nitrate, ammonium phosphate, calcium phosphate, and potassium sulfate (8.2 % 
ammonium, 5.8% nitrate, 14% phosphoric acid, 14% potash)). Dispensers were fastened 
with plastic cable ties to stainless steel eyebolts in the bottom of the tidepools. Three 
nutrient levels were established: ambient (dispenser with no fertilizer granules), low 
(dispenser with 20 g of fertilizer granules and two 2 mm holes), and high (dispenser with 
40 g of fertilizer granules and four 2 mm holes). Nutrient dispensers were placed in 
tidepools for a period of six weeks during spring and six weeks during summer in1995 
and 1996. 
Treatments were randomly assigned to pools in a randomized block design and 
were replicated six times at each of the wave exposed and wave protected sites (hereafter 
referred to as protected and exposed; Fig 2.3). The experiments were continuously 
maintained for two years (through November 1996). Algal and animal abundances were 
monitored in spring, summer and fall of 1995 and 1996. Productivity was measured 
during summer when algal growth was high and tides occurred in daylight. (Low tides 
occur at night during fall and winter). 23 
Measurement of Response Variables 
Algal Abundance 
Algal abundance was calculated using visual estimates of percent cover (Dethier 
et al. 1993). I designed a conical quadrat to fit inside tidepools using a 50 x 50 cm frame 
of PVC pipe strung with elastic cord across the frame, passed through the midpoint, to 
create a grid of 16 wedge-shaped sectors (Fig. 2.4). At the midpoint where all the cords 
crossed I attached a metal hook. When sampling, the quadrat was centered over the 
tidepool and the hook was fastened to an eyebolt in the center of the pool bottom. Each 
sector covered 6.25% of the pool's surface area. Water was siphoned out of the pool 
prior to inserting the quadrat and pools were refilled with seawater immediately after 
monitoring. 
I visually divided each sector into 6  equal parts and scored the number of 
partitions covered by a given species, systematically quantifying each sector within the 
grid (in the final calculations each partition scored was equal to 1.042%). Cover of 
canopy-forming species was estimated first and then the fronds were moved aside to 
estimate cover of turf-forming and crustose species. I also rated degree of layering for 
canopy species and height for turf species on a scale of 1-4 for the entire pool (1 = turf < 
2 cm tall or a single layer of canopy; 2 = turf 2-3 cm tall or a canopy of 2-3 layers; 3 = 
turf 3-4 cm tall or canopy 4-5 layers; 4 = anything greater). Total cover for each species 
was defined as the product of the cover estimate and the layer/height rank. Common 
canopy species included:, Mazzaella cordata, Dilsea californica, and Hedophyllum 24 
sessile; common turf forming species included: Neorhodomela larix, Odonthalia 
floccosa, Cryptosiphonia woodii, Ceramium spp., Corallina spp., and Microcladia 
borealis) 
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Figure 2.4. Design of conical quadrat. A conical quadrat was used to visually estimated 
algal cover inside of tidepools. The quadrat is divided into 16 equal sectors by elastic 
cord with a hook at the center. The quadrat was centered over the tidepool and the hook 
attached to a stainless steel eyebolt fastened to the center of the pool bottom. See text for 
additional details. 25 
The relationship between algal cover and biomass (in grams of wet, dry and ash-
free dry weight) was determined in 12 natural tidepools spanning the range of covers of 
coralline and fleshy algae observed in experimental pools. I visually estimated percent 
cover as outlined above and then completely harvested the pools. Wet weights were 
determined after bringing the algal samples into the lab and removing any animals (e.g., 
gastropods, hermit crabs, etc.). Excess moisture was removed from the samples by 
spreading them out on paper towels for about 5 minutes and then they were turned over 
onto fresh paper towels for another 5 minutes before being weighed (the samples could 
not be spun in a salad spinner as there were many small and filamentous species that 
would be lost or destroyed by this method of processing). 
Dry weights were determined by placing each sample into pre-weighed 
aluminum-foil trays and drying them at 60 °C to constant weight. Because dried algae 
can be extremely hygroscopic (Brinkhuis 1985) samples were cooled in a desiccation 
chamber and then weighed on an analytical balance with a container of desiccant inside 
the weighing chamber to avoid uptake of atmospheric moisture. Ash content was 
determined by combusting the samples in acid-washed porcelain crucibles at 500 °C for 
4-5 hours. Combusted samples were also cooled inside a desiccation chamber before 
being weighed. 
Primary Productivity 
In summer of 1995 and 1996, primary productivity of benthic macroalgae was 
calculated for each tidepool by measuring oxygen production both in the light (includes 26 
both production and respiration) and in the dark (respiration only). Methods were 
adapted from techniques used to measure primary productivity in open systems such as 
shallow coral reef lagoons where isolation of water masses occurs during tidal excursions 
(Kinsey 1978, 1985). The method is analogous to the standard light and dark bottle 
technique used to measure phytoplankton productivity in the laboratory, but with whole 
tidepools serving as "bottles". Tidepools were covered with a 50 x 50 cm optically pure 
piece of Plexiglas for two periods of approximately 45 minutes each. During the first 
interval opaque, black plastic sheeting was clipped to the lids to keep light from entering 
the pools; in the second interval the plastic sheeting was removed. Oxygen concentration 
was measured using an oxygen meter (YSI 54A) and probe (YSI 5739) at the beginning 
and end of each interval. Oxygen readings were corrected for temperature (measured 
using a mercury thermometer) and salinity (measured using a refractometer) (Strickland 
and Parsons 1972). During spring and summer in Oregon, extreme low tides occur 
during the morning and super-saturation of dissolved oxygen frequently occurred by 10 
am (author's personal observation). To avoid potential problems with loss of dissolved 
oxygen via oxygen bubble formation and super-saturation, all primary productivity 
measurements were made as early after sunrise as possible , and dark measurements were 
always made prior to light measurements. 
Exchange of oxygen between the air and water at the surface of the pools was 
accounted for by calculating a diffusion constant (K= 0.089 mg 02cm-2min-1 + 0.012 
SEM, n=3). K represents a constant for a given wind velocity (Kinsey 1985). I assumed 
that wind velocity was constant throughout all measurement periods because the pools 
were always covered by lids during incubation periods. The contribution of 27 
phytoplankton to the productivity measurements of tidepools was assessed by incubating 
1 liter bottles (both light and dark) of seawater from tidepools for the same time intervals. 
Because changes in oxygen concentration significantly different from zero were never 
detectable using this method I assumed that phytoplankton productivity was negligible 
relative to benthic algal productivity. 
I measured the amount of incident photosynthetically active radiation (PAR) 
during each period that productivity measurements were made to characterize the light 
environment at each site. I suspected that there might be significant differences in 
incident light between the two wave exposure sites because the wave protected pools 
were closer to the cliffs and tall trees located on the shore. However, I did not correct 
productivity measurements for differences in incident light because I always measured 
productivity simultaneously for all treatments within a block. This allowed for statistical 
control of differences in the light environment and other physical variables between 
blocks measured on different dates in addition to differences associated with the spatial 
layout. I measured PAR using a 27r sensor attached to a quantum meter (Li-Cor model 
Nos. LI-192SA and LI-189, respectively) at 10  20 minute intervals at a fixed location in 
the approximate center of each block. All measurements were taken on days with 
weather ranging from full sun to partly cloudy, thus the data represent variation in the 
light field over both space and time at the two sites during relatively good weather 
conditions. 28 
Animal Abundance 
The density of all macroscopic mobile animals was determined by counting the 
number of individuals in each pool. The average (±SEM) surface area of the tidepools 
was 0.16 m2 (±0.002). Small and very abundant mobile invertebrates (e.g., the hermit 
crab Pagurus hirsutiusculus, the snails Littorina scutulata and Lacuna marmorata, and 
limpets Lottia spp.) were sub-sampled in two randomly chosen sectors (100 cm2 each) of 
the conical quadrat (described in detail above). Limpets of the genus Lottia were 
identified to species when possible for individuals > 1 cm. All invertebrates > 1 cm were 
also measured. Measurements were carapace width of crabs, maximum diameter of 
Tegula funebralis and Calliostoma ligatum or axial length of all other gastropods, length 
of chitons, and test diameter of urchins. Rare invertebrates < 1 cm were also measured. 
Small limpets (probably juveniles of Lottia strigatella, L. digitalis, and L. pelta) were not 
measured but classified into two size classes: 1) < 0.5 cm and 2) > 0.5 < 1.0 cm. The 
remaining very abundant, small invertebrates which were sub-sampled (see above) were 
not measured. The relationship between size, numerical abundance and biomass (grams 
dry weight) was determined by counting, measuring, drying (to constant weight at 60 °C) 
and then weighing all the animals collected from 40 small tidepools used in a prior study 
(van Tamelen 1992, 1996). 29 
Assessment of Treatment Effectiveness 
To quantify the gradient in wave exposure, differences in wave forces and water 
flow were measured in 5 out of 6 blocks at each of the two sites. Wave forces were 
measured using maximum wave-force dynamometers (Denny 1988, Bell and Denny 
1994) attached to eyebolts in the rock bench in the approximate center of each block. 
Dynamometers and flow blocks were deployed during two tide series in May (5 days) and 
June 1997 (4 days). During that time the maximum wave forces measured over each 24 
hour period were recorded. 
Relative water flow rates were measured using molded blocks of dental chalk 
(Sutherland 1990, Yund et al. 1991, Menge et al. 1995). A pair of flow blocks was 
placed in each block, one in the upper half of the tidepool wall and another on the surface 
of the bench just adjacent to the pool. These flow blocks were also centrally located 
within the block. The flow blocks were dried and weighed before being placed out in the 
field and again after being retrieved at the end of the series. The amount of chalk 
dissolved per day for each tide series was calculated and is proportional to the flow over 
the blocks during that period. 
The effectiveness of herbivore removals was assessed by monitoring the number 
and sizes of herbivores in the removal plots during each census. I also monitored the 
abundance of mobile carnivorous species, primarily gastropods and juvenile crabs, to see 
if herbivore manipulations had any influence on their abundance. 30 
The effectiveness of nutrient dispensers was tested both in the lab and in the field. 
In the lab I calculated rates of release of ammonium, phosphate and nitrate + nitrite from 
fresh dispensers by repeatedly sampling seawater in buckets, with nutrient dispensers, 
over a five hour period. This is approximately the period of isolation from the ocean 
experienced by pools at this tidal height. Nitrite concentrations are typically very low 
relative to nitrate concentrations and were not considered separately here ("nitrate" will 
signify "nitrate + nitrite" hereafter) (Lobban and Harrison 1997, Menge et al. 1997c). 
The buckets held the same volume of seawater as the tidepools (11.5 liters). Three 
dispensers of each level (ambient = control, low and high) were individually placed in 
plastic buckets filled with 11.5 liters of seawater from the running seawater system and 
placed in a water table filled with flowing seawater to maintain constant temperature. 
The water in each bucket was thoroughly stirred prior to taking samples with 250 ml 
opaque HDPE plastic bottles. A more detailed summary of the methods used to measure 
nutrient concentrations are presented in Chapter 2. 
Field trials were run to determine whether the nutrient dispensers were effective in 
maintaining constant release rates throughout the six week period they were deployed in 
the field. I placed six low-nutrient and six high-nutrient dispensers in randomly chosen 
tidepools at both exposed and protected sites in April 1998 and collected half (three of 
each low and high dispensers from each wave exposure) after they had been in the field 
for three weeks and the remaining half after six weeks in the field. On the same day that 
dispensers were retrieved from the field I brought them to the lab at Hatfield Marine 
Science Center, in Newport, OR, where I calculated the initial nutrient release rates from 
each dispenser over a one hour period (using the bucket method outlined above) and 31 
correcting for the concentration of nutrients in control dispensers (= ambient). The 
concentration of nutrients in the control buckets never changed significantly over the one 
hour period (p>0.05). I calculated the initial rate of release from fresh low-nutrient and 
high-nutrient dispensers over the first hour (from the above lab trials) to compare with 
dispensers that had been deployed in the field. 
Statistical Analysis 
Algal biomass, cover and productivity, and animal abundance data were analyzed 
using a split-plot repeated measures ANOVA design with the GLM procedure in SAS 
version 6.12 (SAS 1989). There are two approaches, multivariate and univariate, to 
repeated measures ANOVA; the univariate approach, although more powerful, is only 
valid if the data meet the condition of sphericity (SAS 1989, von Ende 1993). If the 
sphericity assumption is only moderately violated corrected probabilities can be used 
(SAS 1989). In all but one of the analyses done here the assumption was strongly 
violated (p< 0.001) thus only the multivariate results are summarized. In the one case 
where the assumption was not violated the interpretation did not vary between approaches 
so in the interest of simplicity only the multivariate results are presented. 
Manipulation controls (tidepools with partial lids, partial copper painted barriers 
and empty nutrient dispensers) were compared to controls (no manipulations) to 
determine if there were any artifacts associated with the experimental manipulations and 
the response variables. Since there was never a statistically significant difference (p< 
0.05) between manipulation controls and controls these data were pooled. 32 
Assumptions of normality and homoscedasticity were assessed by visual 
inspection of residual plots and normal probability plots of the residuals and original 
response variables. When necessary, data were transformed by log (y or y+1) or square 
root (y) to meet model assumptions. Data presented in figures are always the 
untransformed means + SEM for each effect. 
Regression analysis was used derive equations describing the relationship 
between measures of algal cover and animal abundance and biomass. Residual plots and 
normal probability plots were visually inspected to check for violations of model 
assumptions. Log and square root transformations were used as necessary to normalize 
distributions. 
Evaluation of nutrient release rates from both fresh and field deployed dispensers 
were examined using either repeated measures ANOVA or MANOVA with nitrate, 
phosphate and ammonium as response variables. A repeated measures analysis was not 
necessary for comparing among fresh and field dispensers because the units from each 
time interval were independently deployed and not sampled repeatedly. However two 
separate analyses were done because there was no wave exposure treatment for fresh 
dispensers. In the first analysis, using all the data, I tested for the effects of time and 
nutrient level. In the second analysis, included only the data from weeks 3 and 6, I tested 
for the three main effects of time, exposure, and nutrient level. Data were log 
transformed to meet model assumptions. 33 
RESULTS
 
Treatment effectiveness 
The two locations chosen to represent extremes along the wave exposure gradient 
within the cove differed in both maximum wave forces and relative flow rates. 
Maximum wave forces were 76 % greater on benches at the exposed site (Fig. 2.5a; 
repeated measures ANOVA,  between subjects, p = 0.0005, F = 31.32, log transformed 
data). The difference between sites did not vary significantly over the dates sampled 
(repeated measures ANOVA, within subjects, p = 0.5220, F = 1.06, log transformed 
data). 
The relative rate of flow over benches and within tidepools was 63 % greater at 
the exposed site (Fig. 2.5b; repeated measures ANOVA,  between subjects, p < 0.0001, F 
= 102.32). Flow rates were 22 % lower within tidepools relative to adjacent benches 
(Fig. 2.3b; repeated measures ANOVA,  between subjects, p = 0.0002, F = 24.56). Both 
of these effects tended to vary somewhat between the two tide series, although the effects 
were weak (repeated measures ANOVA, time x exposure interaction, p = 0.0520, F = 
4.4260; time x location interaction, p = 0.0450, F = 4.7554). The average flow rate inside 
tidepools was 36 % greater in May than June and the difference in average flow rate 
between exposures was 28 % greater in May. Ocean conditions varied between these two 
periods. The May tide series was exceptionally calm (author's personal observation) 
while the June series occurred during a stormy period (small-craft advisories were issued 34 
by the coast guard at Depoe Bay, just south of Boiler Bay, on 3 out of the 4 days over 
which measurements were taken). 
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Figure 2.5 Maximum wave forces and relative flow rates. A) Average (+SEM; n=35) 
maximum wave force measured in May (four days) and June (three days). 
Dynamometers were placed on the surface of benches in the approximate center of each 
of five blocks of tidepools at both wave exposed and wave protected sites. The 
dynamometers were read and reset daily. B) Flow rates are proportional to the amount of 
chalk dissolved (average + SEM; n = 10) from chalk flow blocks. Flow blocks were 
placed on the walls inside of tidepools and on the adjacent bench surface within five 
blocks at each site over the same period during which wave forces were measured. 
Herbivore manipulations successfully reduced the abundance of herbivores during 
all monitoring periods (Table 2.1a). However herbivore biomass was greater overall at 
the wave protected site and reductions created a larger difference in biomass between 
treatments at the wave protected than at the wave exposed site. 35 
Some carnivorous invertebrates were present during the experiment (primarily the 
whelk Nuce lla emarginata, but other whelks N. canaliculata and Searlesia dira were also 
present) but they were not very abundant and did not vary significantly with herbivore 
treatment during any period except summer 1995 when they were more abundant at the 
exposed site in the + herbivore pools (Table 2.1b). Although Nuce lla primarily consume 
mussels and barnacles they will occasionally feed on limpets (author's personal 
observation). Presumably the whelks were too small to be impeded by the mesh lids 
which were attached snugly enough to exclude the larger Tegula funebralis but had small 
gaps between attachment points where whelks could crawl in. Carnivore biomass was 
greater at the wave exposed site. 
The other potential predators included seastars and tidepool sculpins, which feed 
primarily on small crustaceans (e.g., amphipods). Sculpins did not vary significantly 
with herbivore treatment (they could pass through the mesh) and were present in 60.0 % 
(±0.05 SEM) of the pools (n = 4 monitoring periods for which I collected data: sp95, 
su95, fa95 & su96). Seastars were observed (and removed) near or in the tidepools on 
only two occasions during the experiment. Both instances occurred at the wave exposed 
site, near a deep channel, during a summer warm water period when seastars tend to 
move higher in the intertidal (Eric Sanford personal communication). 36 
Table 2.1. Herbivore and carnivore abundance. Biomass was calculated from known 
relationships between size or numerical abundance and biomass for each species (see 
methods and results: animal abundance for details). A) Average biomass (grams dry 
weight) + SEM. Herbivore biomass is significantly different (p<0.01 by either ANOVA 
or Welch's ANOVA for unequal variances when appropriate) between + and  herbivore 
treatments (n=18 for -H; n=24 for +H) on all dates within each site (protected and 
exposed). Of all herbivores present, the snails Tegula funebralis and Littorina scutulata, 
several species of limpets (Lottia spp.), and the hermit crab Pagurus hirsutiusculus 
constitute the bulk of this biomass. B) Carnivore biomass was relatively low and did not 
differ significantly (p<0.05) between herbivore treatments within each site on any date 
except for summer 1995 at the exposed site. The whelks, Nucella emarginata, N 
canaliculata and Searlesia dira constitute the majority of the carnivore biomass . 
A) Herbivore Biomass (grams dry weight) 
Protected  Exposed 
Season  -Herbivores  +Herbivores  -Herbivores  +Herbivores 
Spring 1995  8.2 (±1.0)  49.5 (± 5.1)  3.1 (±,  1.3)  17.9 (± 2.3) 
Summer 1995  8.9 (± 0.8)  84.0 (± 7.2)  5.9 (± 1.1)  17.4 (± 3.0) 
Fall 1995  6.9 (± 0.8)  74.4 (± 5.8)  6.8 (± 1.5)  16.4 (± 2.4) 
Spring 1996 
Summer 1996 
6.0 (± 0.6) 
6.3 (± 0.4) 
63.9 (± 5.6) 
69.5(± 5.5) 
4.8 (± 2.0) 
6.6 (± 3.6) 
17.2 (± 4.0) 
18.2 (± 3.7) 
Fall 1996  7.3 (± 1.3)  79.4 (± 8.1)  6.7 (±  1.8)  12.5 (± 1.8) 
B) Carnivore Biomass (grams dry weight) 
Protected  Exposed 
Season  -Herbivores  +Herbivores  -Herbivores  +Herbivores 
Spring 1995  0.2 (± 0.02)  0.2 (± 0.1)  1.0 (± 0.3)  1.9 (± 0.4) 
Summer 1995  0.5 (± 0.05)  0.3 (± 0.05)  0.9 (± 0.3)  2.7 (± 0.6) 
Fall 1995  0.2 (± 0.1)  0.3 (± 0.1)  1.4 (± 0.4)  2.3 (± 0.6) 
Spring 1996  0.2 (± 0.1)  0.1 (± 0.05)  1.6 (± 0.8)  1.8 (± 0.3) 
Summer 1996  0.2 (± 0.1)  0.3 (± 0.1)  1.4 (± 0.3)  1.0 (± 0.2) 
Fall 1996  0.1 (± 0.1)  0.2 (± 0.1)  1.2 (± 0.2)  1.3 (± 0.3) 
Nutrient dispensers were effective at raising nutrient levels in the buckets during 
the lab trials (Fig 3.4, chapter 3; repeated measures ANOVA, between subjects level 
effect: nitrate p=0.044, F=5.51; ammonium p=0.004, F=16.42, phosphate p=0.036, 
F=6.06; for log transformed data). In order to evaluate an ecologically relevant range of 
nutrient levels I attempted to keep maximum nutrient levels within the range of 
concentrations observed in northern Pacific upwelling regions. The ranges of natural 37 
nutrient concentrations observed along the Oregon coast for nitrate, phosphate and 
ammonium are 0-30, 3 and 811M, respectively(Fujita et al. 1989, Menge et al. 1997b). 
Average nutrient concentrations in tidepools, at the end of a typical period of tidal 
isolation (-5 hours), were 19.3 (± 4.8), 5.0 (± 1.8), 13.3 (± 5.9) µM (±SEM; n = 12) for 
nitrate, phosphate, and ammonium, respectively in high dispensers and 7.6 (± 2.2), 1.6 (± 
0.1), 3.2 (± 0.4) p.M (±SEM; n = 12) for nitrate, phosphate, and ammonium, respectively 
in low dispensers. Concentration of ammonium and phosphate were above those seen 
naturally, in the high nutrient treatment, but did not exceed ammonium levels thought to 
be toxic to some algae (>30-50 micromolar; Waite and Mitchell 1972). Because 
dispenser release rates declined significantly over time (see below), concentrations 
probably were not maintained that high for the duration of the deployment. 
Over the 6 weeks that dispensers were deployed in the field, the low-nutrient and 
high-nutrient dispensers maintained significantly different rates of nutrient release (Fig. 
2.6; MANOVA on log transformed data, level effect, p < 0.0001, F = 12.55, Wilks' 
Lambda = 0.3894). The average rate of release for each of the three nutrients was 6 times 
greater from the high dispensers than from the low dispensers. There was also a 
significant reduction in the rate of nutrient release from the dispensers the longer they 
were in the field (Fig.2.6; MANOVA, time effect, p = 0.0436, F = 2.37, log transformed 
data). Although rates of release were reduced over time, there was no significant 
interaction between time and level, indicating that relative treatment differences were 
maintained over the 6 week period. 38 
A reduced data set including only data from dispensers that had been in the field 
was analyzed to assess the effect of wave exposure on dispenser release rates. The 
average release rate of exposed dispensers was 50 % ( 50, 48 & 51 % for nitrate, 
phosphate and ammonium, respectively) less than protected dispensers (Fig. 2.6; 3-way 
MANOVA (exposure, week & level (low and high only)), p = 0.0256, F = 3.93, log 
transformed data). While the effect of level remained significant in this analysis (p < 
0.0001, F --- 19.38), the effect of week did not (p = 0.1172, F = 2.25), suggesting that most 
of the change in rate of release occurred during the first three weeks. 39 
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Figure 2.6. Release rates of nutrients from dispensers. Three dispensers of each type 
(low and high) were placed in tidepools at both exposed (Ex) and protected (Pr) sites for 
either 0, 3 or 6 weeks each. Release rates were calculated in the lab as the change in 
concentration over one hour of retrieved dispensers placed in buckets of seawater 
(holding the same volume of water as the tidepools). Data are average release rates (± 
SEM; n=3). Note the doubling of scale between low and high graphs. 40 
Experimental Effects 
Algal Abundance 
The relationship between total algal cover and biomass of multiple-species 
samples, including both calcified and non-calcified algae, was best described using ash-
free dry weight (g) as the measure of biomass (Fig.2.7; p = 0.001, n =11). The linear 
equation ash-free dry weight = 7.00 + 0.43 x (percent cover) explained 72% of the 
variation and was used to calculate total algal biomass from visual estimates of total 
cover. Although there was a significant relationship between cover and wet weight (p = 
0.016, n = 12) it only explained 46% of the variance. There was little evidence of a 
relationship between cover and dry weight (p = 0.145, R2 = 0.20, n = 12); this is most 
likely because of the large relative change in weight of calcified algae vs. fleshy algae 
when dried. One of the samples was excluded from the analysis of ash-free dry weight 
because it was accidentally combusted at temperatures exceeding 500 °C resulting in the 
combustion of non-organic material (Fig. 2.7). This observation had little influence on 
the relationship however, because removing it from the wet and dry weight regression 
analyses had virtually no effect on the outcome of the analysis. 
Algal biomass generally increased over time but there were seasonal trends 
superimposed on this pattern (Fig.2.8; Table 2.2 ). Treatment effects were complex with 
significant exposure x herbivore x nutrient interactions that changed over time (Table 2.2, 
p = 0.0086, p = 0.0176 for between and within subjects, respectively). A herbivore x 
nutrient interaction is predicted by simple food chain models, however, by incorporating 41 
wave exposure effects into the model, a herbivore x nutrient x exposure interaction was 
anticipated as an alternative hypothesis. At the wave protected site algal biomass 
appeared to be a function of both bottom-up and top-down factors with substantial 
increases in biomass only apparent when nutrients were added to herbivore removal 
pools, while at the wave exposed site neither herbivory nor nutrients exhibited a 
consistent pattern (Fig. 2.8; Table 2.2 herbivore x nutrient effect, p = 0.0416, exposure x 
nutrient effect p = 0.0615). The overall effect of herbivory on algal biomass appeared 
stronger than that of nutrients. (Table 2.2, herbivore effect p = 0.0242, nutrient effect p = 
0.9218). 42 
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Figure 2.7. Relationship between algal biomass and percent cover. Harvested samples 
were weighed wet, after being dried to constant weight at 60 °C, and after being 
combusted at 500 °C. The circled point indicates the sample that was damaged during 
combustion (see text) and could not be included in the ash-free dry weight analysis. 43 
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Figure 2.8. Total algal biomass. Biomass was estimated from a known relationship 
between visual estimates of percent cover and ash-free dry weight (see Fig. 1.3 and text 
for details). Tidepools were monitored in the spring, summer and fall of 1995 and 1996. 
Herbivores present at natural levels = +H, herbivores reduced = H; nutrient treatments 
are indicated as ambient, low, or high; exposed and protected sites differ in degree of 
wave exposure. Data are averages (± SEM) for each tidepool (surface area = 0.16 m2), n 
= 6 for all treatments except for the ambient, +II treatment where n = 12 (due to pooling 
of manipulation controls with controls). 44 
Table 2.2. Variation in algal biomass (grams ash-free dry weight) as a function of wave-
exposure (protected or exposed), herbivory (natural or reduced) and nutrients (ambient, 
low, or high). Biomass was calculated from visual estimates of percent cover taken in 
spring, summer and fall of 1995 and 1996 (see text for details). The analysis is a split-
plot repeated measures MANOVA . Mauchly's criterion for homogeneity of variance 
covariance matrices (or "sphericity"  necessary to validate the univariate approach to 
repeated measures ANOVA) was not met (p<0.0001) so only the multivariate repeated 
measures analysis is shown. 
Multivariate Analysis 
Source  N df  D df  Wi1ks'?  F  P 
Between Subjects (average effect 
over time) 
Exposure  1  10  0.9939  0.06  0.8100 
Blocks(Exposure)  10  62  0.3080  13.93  0.0001 
Herbivore  1  62  0.9207  5.34  0.0242 
Exposure x Herbivore  1  62  0.9690  1.99  0.1637 
Nutrient  2  62  0.9974  0.08  0.9218 
Exposure x Nutrient  2  62  0.9140  2.92  0.0615 
Herbivore x Nutrient  2  62  0.9025  3.35  0.0416 
Exposure x Herbivore x Nutrient  2  62  0.8577  5.14  0.0086 
Within Subjects (change in effect 
over time) 
Time (Intercept)  5  58  0.0381  293.22  0.0001 
Time x Exposure  5  6  0.2040  4.68  0.0435 
Time x Blocks(Exposure)  50  268  0.0894  3.74  0.0001 
Time x Herbivore  5  58  0.7189  4.54  0.0015 
Time x Exposure x Herbivore  5  58  0.8436  2.15  0.0721 
Time x Nutrient  10  116  0.8495  0.99  0.4600 
Time x Exposure x Nutrient  10  116  0.8214  1.20  0.2988 
Time x Herbivore x Nutrient  10  116  0.8463  1.01  0.4398 
Time x Exposure x Herbivore x  10  116  0.6982  2.28  0.0176 
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Figure 2.9 Cover of coralline algae. Labels and details as in Figure 2.8. 46 
Table 2.3. Variation in cover of coralline algae as a function of wave exposure, 
herbivory and nutrients. Details as in Table 2.2. 
Multivariate Analysis 
Source 
Between Subjects (average effect 
over time) 
Exposure 
Blocks(Exposure) 
Herbivore 
Exposure x Herbivore 
Nutrient 
Exposure x Nutrient 
Herbivore x Nutrient 
Exposure x Herbivore X Nutrient 
Within Subjects (change in effect
 
over time)
 
Time (Intercept)
 
Time x Exposure
 
Time x Blocks(Exposure) 
Time x Herbivore 
Time x Exposure x Herbivore 
Time x Nutrient 
Time x Exposure x Nutrient 
Time x Herbivore x Nutrient 
Time x Exposure x Herbivore x 
Nutrient 
N df  D df 
1  10 
10  62 
1  62 
1  62 
2  62 
2  62 
2  62 
2  62 
5  58 
5  6 
50  277 
5  58 
5  58 
10  116 
10  116 
10  116 
10  116 
X 
0.8239 
0.5184 
0.9607 
0.9903 
0.9475 
0.9913 
0.9883 
0.8932 
0.0560 
0.2090 
0.1628 
0.9485 
0.9295 
0.8307 
0.8237 
0.8867 
0.8023 
2.14  0.1745 
5.76  0.0001 
2.54  0.1161 
0.61  0.4390 
1.72  0.1882 
0.27  0.7634 
0.37  0.6937 
3.70  0.0302 
195.39  0.0001 
4.54  0.0465 
2.62  0.0001 
0.63  0.6775 
0.88  0.5009 
1.13  0.3482 
1.18  0.3104 
0.72  0.7056 
1.35  0.2122 47 
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Figure 2.10. Cover of fleshy algae pooled across nutrient levels. Data were pooled to 
illustrate exposure x herbivore interaction (see Table 2.4). Sample sizes are 18 for H 
and 24 for +H; labels are as in figure 2.8. 
I examined the response of calcareous and fleshy algae in separate analyses to 
determine if the relative abundances of seaweeds morphologically defended from 
herbivory vs. those that are not had shifted, an effect that might not be apparent when 
only considering total biomass. In addition to the effects of morphological defenses per 
se, the change in nutrient availability may have altered the competitive balance between 
algae with opposing resource allocation strategies (Coley et al. 1985, Bazzaz et al. 1987). 
Coralline algae did not respond in a clear and consistent way to either herbivory 
or nutrient manipulations (Fig. 2.9 , Table 2.3 ). Predictably biomass increased over time 
as algae grew (Table 2.3, time effect, p = 0.0001) however, other strong, consistent 
effects were not apparent in spite of a significant exposure x nutrient x herbivore 
interaction (Table 2.3, between subjects, p = 0.0302). In wave protected pools the cover 48 
of coralline algae did not change substantially in the presence of herbivores, but there was 
a slight increase in average cover with increasing nutrients in the absence of herbivores 
(Fig. 2.9). In wave exposed pools, where herbivores were present, average cover declined 
slightly with nutrients, while cover was lowest in the low nutrient pools when herbivores 
were excluded (Fig. 2.9). 
In contrast to the response of coralline algae, fleshy algae showed a strong pattern 
of response to treatments (Figs. 2.10, 2.11). Herbivores had a large impact on algal 
abundance that varied with both wave exposure and nutrients (Table 2.4, between 
subjects exposure x herbivore and herbivore x nutrient effects, p = 0.0001 and 0.0014, 
respectively). The effect of herbivory was greatest on fleshy seaweeds at the wave 
protected site (Fig. 2.10). Averaged over time, fleshy algae were almost 400% more 
abundant when herbivores were removed from wave protected tidepools but only 
increased by 18% in wave exposed tidepools. The effect of herbivory was greatest during 
summer at the wave protected site and had little effect at the wave exposed site until the 
second year of the experiment (Fig. 2.10; Table 2.4, within subjects, exposure x herbivore 
effect, p = 0.0140). In the absence of herbivores, nutrient additions increased the 
abundance of fleshy algae by 16 and 67% for the low and high treatments, respectively, 
compared to controls (ambient nutrient levels, - herbivores; Fig. 2.11). Seasonal trends in 
abundance were also quite clear with fleshy seaweeds reaching peak abundance during 
summer of both years (Figs. 2.10, 2.11). 49 
Table 2.4. Variation in cover of fleshy algae as a function of wave-exposure, herbivory 
and nutrients. The exposure x herbivore x nutrient interaction term was dropped from the 
model because it was not statistically significant (p > 0.05). Details as in Table 2.2. 
Multivariate Analysis 
Source 
Between Subjects (average effect 
over time) 
Exposure 
Blocks(Exposure) 
Herbivore 
Exposure x Herbivore 
Nutrient 
Exposure x Nutrient 
Herbivore x Nutrient 
Within Subjects (change in effect 
over time) 
Time (Intercept) 
Time x Exposure 
Time x Blocks(Exposure) 
Time x Herbivore 
Time x Exposure x Herbivore 
Time x Nutrient 
Time x Exposure x Nutrient 
Time x Herbivore x Nutrient 
N df 
1 
10 
1 
1 
2 
2 
2 
5 
5 
50 
5 
5 
10 
10 
10 
D df 
10 
64 
64 
64 
64 
64 
64 
60 
6 
277 
60 
60 
120 
120 
120 
Wilke A. 
0.4766 
0.4819 
0.5723 
0.7739 
0.9966 
0.9759 
0.8137 
0.2088 
0.2979 
0.1156 
0.6924 
0.7928 
0.8779 
0.8653 
0.8647 
F  P 
10.98  0.0078 
6.88  0.0001 
47.82  0.0001 
18.70  0.0001 
0.11  0.8971 
0.79  0.4575 
7.33  0.0014 
45.48  0.0001 
2.83  0.1189 
3.35  0.0001 
5.33  0.0004 
3.14  0.0140 
0.81  0.6621 
0.90  0.5353 
0.91  0.5310 50 
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Figure 2.11. Cover of fleshy algae pooled across wave exposure. Data were pooled to 
illustrate herbivore x nutrient interaction (see Table 2.4). Samples sizes are n=12 for all 
treatments except +H, ambient treatment which has a sample size of 24; labels are as in 
Fig. 2.8. 51 
Primary Productivity 
Primary productivity (mg 02/cm2/min) of tidepool algae increased over all 
treatments between the first and second year of the experiment (Fig. 2.12; Table 2.5, 
within subjects intercept term, p=0.0001) and was greater at wave-exposed than wave-
protected sites (Table 2.5, between subjects exposure effect, p= 0.0198). The average 
increase between years was greater at the wave exposed site than the wave protected site 
but not statistically significant (Fig. 2.12; Table 2.5, within subjects exposure effect, 
p=0.0833,). Herbivores reduced algal productivity by 38% in 1995 and 19% in 1996 but 
their effect did not vary significantly over time (Table 2.5, between and within subjects 
herbivore effect, p= 0.0001 and 0.9691, respectively,). The effect of herbivory tended to 
be greater in wave protected pools than wave exposed pools but this effect was not 
statistically significant (Fig.2.12; Table 2.5, between subjects exposure x herbivore effect, 
p= 0.0902,). 
The effect of nutrients on algal productivity was only apparent in the herbivore 
removal tidepools and did not vary significantly over time (Fig. 2.13; Table 2.5: between 
and within subjects herbivore x nutrient term, p = 0.0306 and 0.4798, respectively.). The 
average percent increase in productivity where herbivores were removed from tidepools 
was positively correlated with nutrient level (21, 41 & 88% for ambient, low, and high 
nutrient treatments, respectively, averaged over both years). 52 
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Figure 2.12 Primary productivity of tidepool algae during low tide. Productivity 
measurements were only made during summer of 1995 and 1996 and are pooled across 
nutrient levels. Sample sizes are 9 for H and 12 for +H. See methods for details 
regarding measurement of productivity. Labels are as in Figure 2.8. 53 
Table 2.5. Variation in algal productivity as a function of wave-exposure, herbivory and 
nutrients. Productivity was measured July 1995 and July 1996. The analysis is a split-
plot repeated measures ANOVA . Because there were only two time intervals, the 
univariate and multivariate output for repeated measures analysis are equivalent, and 
testing for sphericity is not necessary. The exposure x herbivore x nutrient interaction was 
not significant (p > 0.05) so it was dropped from the model. 
Multivariate Analysis 
Source  N df  D df  Wi1ks' X. 
Between Subjects (average effect 
over time) 
Exposure  1  4  0.2205  14.14  0.0198 
Blocks(Exposure)  4  28  0.4978  7.06  0.0005 
Herbivore  1  28  0.5040  27.56  0.0001 
Exposure x Herbivore  1  28  0.9009  3.08  0.0902 
Nutrient  2  28  0.9956  0.06  0.9398 
Exposure x Nutrient  2  28  0.9073  1.43  0.2562 
Herbivore x Nutrient  2  28  0.7795  3.96  0.0306 
Within Subjects (change in effect 
over time) 
Time (Intercept)  1  28  0.1217  202.10  0.0001 
Time x Exposure  1  4  0.4315  5.27  0.0833 
Time x Blocks(Exposure)  4  28  0.3949  10.73  0.0001 
Time x Herbivore  1  28  0.9999  0.002  0.9691 
Time x Exposure x Herbivore  1  28  0.9676  0.94  0.3414 
Time x Nutrient  2  28  0.9908  0.13  0.8791 
Time x Exposure x Nutrient  2  28  0.9209  1.20  0.3155 
Time x Herbivore x Nutrient  2  28  0.9489  0.75  0.4798 54 
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Figure 2.13. Primary productivity of tidepool algae during low tide. Measurements are 
pooled across wave exposures to illustrate the herbivore x nutrient interaction (see Table 
2.5). Sample sizes are 6 except for +H, ambient which is 12. See methods for details 
regarding measurement of productivity. Labels are as in Figure 2.8. 55 
I calculated biomass-specific algal productivity by converting from mg 
02/cm2/min to mg C/g ash-free dry weight/hour using the algal biomass estimates for 
each pool and appropriate conversion factors. Absolute rates of biomass-specific 
productivity were quite low (Fig. 2.12). Although the rates increased significantly from 
1995 to 1996 (Table 2.6, within subjects intercept term, p = 0.0245) the majority of 
variation over time appeared to be associated with block effects (Table 2.6, within 
subjects block effect, p = 0.0061). The effect of herbivory was more pronounced in wave 
protected pools but was not statistically significant (Table 2.6, between subjects herbivore 
and exposure x herbivore effects p = 0.0598 and 0.0623, respectively,). 
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Figure 2.14. Biomass-specific productivity of tidepool algae during low tide. 
Productivity measurements were made during summer of 1995 and 1996 and are pooled 
across nutrient levels. Sample sizes are 9 for H and 12 for +H. See methods for details 
regarding measurement of productivity and estimation of biomass. Labels are as in 
Figure 2.8. 56 
Table 2.6. Variation in biomass-specific algal productivity as a function of wave-
exposure, herbivory and nutrients. Productivity was measured July 1995 and July 1996. 
The analysis is a split-plot repeated measures ANOVA. Because there were only two 
time intervals, the univariate and multivariate output for repeated measures analysis are 
equivalent, and testing for sphericity is not necessary. 
Multivariate Analysis 
Source  N df  D df  Wilks' 
Between Subjects (average effect 
over time) 
Exposure  1  4  0.2032  15.69  0.0167 
Blocks(Exposure)  4  28  0.7302  2.59  0.0585 
Herbivore  1  28  0.8791  3.85  0.0598 
Exposure x Herbivore  1  28  0.8813  3.77  0.0623 
Nutrient  2  28  0.9703  0.43  0.6559 
Exposure x Nutrient  2  28  0.9134  1.33  0.2812 
Herbivore x Nutrient  2  28  0.9999  0.002  0.9985 
Within Subjects (change in effect 
over time) 
Time (Intercept)  28  0.8321  5.65  0.0245 1 
Time x Exposure  1  4  0.9009  0.44  0.5434 
Time x Blocks(Exposure)  4  28  0.6076  4.52  0.0061 
Time x Herbivore  28  0.9938  0.18  0.6789 1 
1 Time x Exposure x Herbivore  28  0.9892  0.30  0.5856 
Time x Nutrient  2  28  0.9503  0.73  0.4901 
Time x Exposure x Nutrient  2  28  0.9777  0.32  0.7293 
Time x Herbivore x Nutrient  2  28  0.9766  0.34  0.7180 
The light field (PAR) during productivity measurements was significantly 
different between exposed and protected sites (Fig.2.15, 95% confidence intervals for 
regressions do not overlap). PAR levels were consistently higher and less variable at the 
exposed site (R2= 0.65 and 0.31 for exposed and protected, respectively). As mentioned 
above, the protected site is closer to cliffs with tall trees that cast shadows, especially 
early in the morning. The greater variability in the light field is probably a result of the 
flecking of light through leaves and branches of the trees. The level of incident PAR at 57 
the protected site was sometimes below the level necessary to saturate algal growth rates 
of intertidal species but generally not below that necessary for subtidal species (Fig 2.15; 
Luning 1981). Since the algae in these tidepools included a mixture of subtidal and 
intertidal species it is possible that limitation of algal photosynthesis and growth by light 
was confounded with effects of wave exposure per se. 
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Figure 2.15. Light field during productivity measurements. Dashed lines are 95% 
confidence intervals for regressions; dotted reference lines indicate the light levels 
necessary to saturate growth rates for intertidal species (upper reference line) and subtidal 
species (lower reference line) (Lining 1981). 
Herbivore Abundance 
Herbivore biomass was calculated for each species separately, and then summed 
to total biomass per pool, based on seasonal census data of numerical abundance or size 58 
and the predictive equations derived from regression analyses of samples collected before 
the experiments were initiated (Table 2.7). Herbivore biomass was relatively constant 
over time (Fig. 2.16a; Table 2.8a, within subjects time effect, p = 0.1741) with 
significantly greater biomass at the wave protected site (Fig. 2.16a; Table 2.8a, between 
subjects exposure term, p = 0.0001). 
In contrast, there was significant variation in numerical abundance of herbivores 
over time (Table 2.8b, within subjects time effect, p = 0.0001). During the first year 
herbivores were significantly more numerous in wave exposed pools but during the 
second year abundances from exposed and protected pools converged (Fig. 2.16b; Table 
2.8b, between and within subject exposure terms, p =0.0071 and 0.0001, respectively). In 
addition, numerical abundance was lowest during summer for both years ( Fig 2.16b.) 
The large herbivorous gastropod Tegula funebralis was much more abundant at the wave 
protected site for the duration of the study (averaged over time there were:16.1+ 0.7 SEM 
Tegula in wave-protected pools vs. 1.1 + 0.2 SEM Tegula in wave-exposed pools). 
However, in wave exposed pools, small limpets were more abundant during the first year 
of the study, primarily on bare patches of rock, than in the second year when algal crusts 
and holdfasts had come to dominate the majority of primary space (averaged over spring 
summer and fall there were 253.9 + 10.0 SEM limpets <0.5 mm per pool in 1995 vs. 
177.1 + 8.0 SEM per pool in 1996). 
Herbivores that were abundant and could not be manipulated included Littorina 
scutulata, Pagurus hirsutiusculus, and Lacuna marmorata. Herbivores that were present 
in very low abundances (< 5 per pool for any census) (and also were not manipulated) 
included Hemigrapsus sp., Idotea wosnesenskii, Pugettia producta, P. gracilis and 59 
amphipods. Amphipods appeared to be less abundant in the tidepools than in comparable 
patches of algae on adjacent benches (author's personal observation). It is likely that 
tidepool sculpins (which were not impeded from entering pools with mesh lids and were 
relatively abundant, see above) kept the abundance of amphipods and other micro-
crustaceans low. Here I only report results for the three most abundant small herbivores 
(Lacuna marmorata, Littorina scutulata, and Pagurus hirsutiusculus). 
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Figure 2.16. Abundance of herbivores in tidepools. Data are only plotted for tidepools 
where herbivores were not excluded. A) Total herbivore biomass in tidepools (surface 
area of tidepools is 0.16 m2) calculated from known relationships between size or 
numerical abundance and dry weight for each species. B) Numerical abundance of 
herbivores from seasonal censuses. Data are averages + SEM; n = 24 pooled across 
nutrient levels. 60 
Table 2.7. Regression equations used to calculate animal biomass. Biomass in (grams 
dry weight) was calculated from: size for large animals (>10 mm), or number for small (< 
10 mm), abundant animals. Animals were dried to constant weight at 60 °C. Chitons 
includes: Katharina tunicata, Mopalia muscosa, M lignosa, M ciliata. Limpets 
includes: Lottia digitalis, L. strigatella, L. pelta. Data were transformed as necessary to 
meet assumptions of normality and homoscedasticity. Adjusted R2 values are presented 
for all polynomial regressions. Bm = biomass (g); sz = size (mm); no = number of 
animals; log = natural log; sqrt = square root. 
Species  Equation  R2  P  N  Range 
Size 
Amphissa columbiana  Bm = -0.19999 + 0.0362(sz)  0.823  0.0001  48  5-17 mm 
Bittium eschrichtii  Bm = -0.1031 + 0.0241(sz)  0.946  0.0001  16  6-12 mm 
Calliostoma ligatum  Log(bm) = -6.2231 + 0.5356(sz)  0.890  0.0001  135  2-25 mm 
- 0.0122(sz2) 
Chitons  Bm = -1.3880 + 0.1250(sz)  0.869  0.0001  15  6-37 mm 
Hemigrapsus nudus  Sqrt(bm) = -0.0293 + 0.0382(sz)  0.690  0.0001  62  0.6-11 mm 
Idotea wosnesenskii  Log(bm) = -6.1395 + 0.1559(sz)  0.616  0.0001  128  5-27 mm 
Lepidochitona dentiens  Bm = -0.0211 + 0.0058(sz)  0.525  0.0002  20  4-10 mm 
Limpets>10mm  Log(bm) = -4.7905 + 0.1885(sz)  0.916  0.0001  32  10-25 mm 
Nucella emarginata  Bm = -0.4351 + 0.0677(sz)  0.908  0.0001  15  6-18 mm 
Pagurus samuelis  Bm = -0.9067 + 0.1080(sz)  0.772  0.0002  11  10-35 mm 
Pugettia producta  Log(bm) = -6.7241 + 0.6695(sz)  0.840  0.0001  56  3-15 mm 
- 0.0165(sz2) 
Searlesia dira  Bm = -0.2153 + 0.0450(sz)  0.898  0.0001  19  3-21 mm 
Strongylocentrotus  Bm = 0.2692 - 0.1061(sz)  0.997  0.0001  35  5-63 mm 
purpuratus  + 0.0100(sz2) 
Tectura scutum  Bm =1.0779 - 0.1376(sz)  0.847  0.0001  15  10-24 mm 
+ 0.0051(sz) 
Tegula funebralis  Log(bm) = -7.1549 + 0.8993(sz)  0.992  0.0001  102  3-30 mm 
+ 0.0368(sz2) + 0.0006(sz3) 
Tonicella lineata  Sqrt(bm) = 0.0875 + 0.0243(sz)  0.625  0.0001  78  0.5-33 mm 
Number of 
individuals 
Lacuna marmorata  Log(bm) = -4.2938 + 0.0141(no)  0.508  0.0001  50  1-350 
Limpets >5 and <10 mm  Sqrt(bm) = 0.1511 + 0.0347(no)  0.882  0.0001  86  1-22 
Limpets <5 mm  Log(bm) = -4.3429 + 0.0677(no)  0.571  0.0001  53  1-80 
Littorina scutulata  Bm = 0.0121 + 0.291(no)  0.888  0.0001  57  1-20 
Pagurus hirsutiusculus  Bm = -0.0162 + 0.0164(no)  0.986  0.0001  13  1-30 61 
Table 2.8. Variation in herbivore biomass and density. The analyses are split-plot 
repeated measures MANOVA. The nutrient x exposure interaction terms were not 
statistically significant (p>>0.05) in either analysis and were deleted from the models. 
The data were log transformed in A, and square root transformed in B, prior to analysis 
to control heteroscedasticity. A) Variation in herbivore biomass (grams dry weight) as a 
function of wave-exposure and nutrients. Biomass was calculated using known 
relationships between size or numbers (for smaller invertebrates) and dry weight (see 
Methods for details). Mauchly's criterion for homogeneity of variance covariance 
matrices (or "sphericity"  necessary to validate the univariate approach to repeated 
measures-ANOVA) was not met (p=0.0001) so only the multivariate repeated measures 
analysis is shown. B) Variation in herbivore numerical abundance (total per pool) as a 
function of wave-exposure and nutrients. Mauchly's criterion was met (p=0.1441) so 
univariate repeated measures statistics were examined. Univariate and multivariate 
interpretations did not differ so only the multivariate repeated measures analysis is 
shown. 
A. Herbivore Biomass: Multivariate Analysis 
Source  N df D df  Wilks' X, 
Between Subjects (effect ave
over time) 
Exposure 
Blocks(Exposure) 
Nutrient 
rage 
1 
10 
2 
10 
34 
34 
0.0854 
0.6971 
0.9759 
107.08 
1.48 
0.42 
0.0001 
0.1907 
0.6605 
Within Subjects (change in effect 
over time) 
Intercept  5  30  0.7830  1.66  0.1741 
Exposure  5  6  0.6342  0.69  0.6483 
Blocks(Exposure)  50  140  0.0401  2.87  0.0001 
Nutrient  10  60  0.7460  0.95  0.4982 
B. Herbivore Numerical Abundance: Multivariate Analysis 
Source  N df D df  Wilk? X 
Between Subjects (effect average 
over time) 
Exposure  1  10  0.4681  11.36  0.0071 
Blocks(Exposure)  10  34  0.3664  5.88  0.0001 
Nutrient  2  34  0.9779  0.38  0.6842 
Within Subjects (change in effect 
over time) 
Intercept  5  30  0.1886  25.81  0.0001 
Exposure  5  6  0.0265  44.04  0.0001 
Blocks(Exposure)  50  140  0.0705  2.21  0.0001 
Nutrient  10  60  0.7566  0.90  0.5408 62 
Lacuna marmorata were very patchy both in space and time. Data on their 
abundance could not be satisfactorily transformed to meet assumptions of parametric 
analyses for all time periods (only three out of 6 censuses: spring 1995, fall 1995 & 
summer 1996). Therefore I decided to analyze the abundance of Lacuna marmorata 
separately from Littorina scutulata and Pagurus hirsutiusculus. For all three species the 
transformation log (y+1) was used and improved the distribution of the data in all cases 
except for the times specified above for Lacuna marmorata. 
Variation in Lacuna abundance appeared to be strongly influenced by factors 
associated with wave exposure but abundance of this snail also varied significantly 
through time (Fig. 2.17; Table 2.9, between and within subjects exposure effect, p = 
0.0001 and 0.0108, respectively). Lacuna were always most abundant in wave exposed 
tidepools (Fig. 2.17). Their abundance did not vary significantly with either nutrient or 
herbivore treatments (Table 2.9). Both Pagurus hirsutiusculus and Littorina scutulata 
were always more abundant in wave exposed pools (Figure 2.18; Table 2.10, between and 
within subjects exposure effect p = 0.0001 and 0.2711, respectively). In wave protected 
tidepools they were more abundant in pools where other herbivores had been removed 
but this effect varied through time (Fig 2.18; Table 2.10, between and within subjects 
exposure x herbivore effect p = 0.0038 and 0.0895, respectively). 63 
Table 2.9. Variation in numerical abundance of Lacuna marmorata (not manipulated 
during the course of the experiment) as a function of wave-exposure, herbivore treatment 
and nutrients. The analysis is a split-plot repeated measures ANOVA . The interaction 
terms were dropped as none were statistically significant (p>>0.05). The data were log 
(y+1) transformed prior to analysis to improve distributions but was not successful in 
meeting model assumptions for all time periods (see text for details). 
Multivariate Analysis 
Source  N df  D df  Wilks' X 
Between Subjects (effect average 
over time) 
Exposure 
Blocks(Exposure) 
Herbivore 
1 
10 
1 
10 
69 
69 
0.1035 
0.7556 
0.9960 
86.59 
2.23 
0.27 
0.0001 
0.0255 
0.6019 
Nutrient  2  69  0.9430  2.08  0.1322 
Within Subjects (change in effect 
over time) 
Intercept  5  65  0.1890  55.78  0.0001 
Exposure  5  6  0.1238  8.49  0.0108 
Blocks(Exposure)  50  300  0.1586  2.98  0.0001 
Herbivore  5  65  0.9060  1.35  0.2553 
Nutrient  10  130  0.9421  0.39  0.9477 64 
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Figure 2.17. Numerical abundance of Lacuna marmorata in tidepools. Small, relatively 
abundant herbivores could not be excluded but were monitored throughout the 
experiment. Data are pooled across nutrient and herbivore treatments; n = 42. Details as 
in Fig. 2.16. 65 
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Figure 2.18. Numerical abundance of Littorina scutulata and Pagurus hirsutiusculus in 
tidepools. Abundance of larger herbivores were manipulated (+H= large herbivores 
present at natural abundances; -H = large herbivores reduced). Data are pooled across 
nutrient treatments; n = 24 for +H, n = 18 for  H. Details as in Figs. 2.16 & 2.17. 66 
Table 2.10. Variation in numerical abundance of small herbivores (littorines and hermit 
crabs) that were not manipulated during the course of the experiment, as a function of 
wave-exposure, herbivore treatment and nutrients. The analysis is a split-plot repeated 
measures MANOVA . The three way interaction term exposure x herbivory x nutrients 
was dropped as it was not statistically significant (p>>0.05). The data were log (y+1) 
transformed prior to analysis to control for heteroscedasticity. 
Multivariate Analysis 
Source  N df  D df  Wilks'
 
Between Subjects (effect average
 
over time)
 
Exposure  2  9  0.1053  38.22  0.0001 
Blocks(Exposure)  20  126  0.1841  8.38  0.0001 
Herbivore  2  63  0.9329  2.26  0.1123 
Exposure x Herbivore  2  63  0.8379  6.09  0.0038 
Nutrient  4  126  0.8692  2.29  0.0637 
Exposure x Nutrient  4  126  0.9495  0.83  0.5104 
Herbivore x Nutrient  4  126  0.9460  0.89  0.4744 
Within Subjects (change in effect 
over time) 
Intercept  10  55  1.882  23.72  0.0001 
Exposure  10  1  0.0125  7.87  0.2711 
Blocks(Exposure)  100  406  0.0293  2.58  0.0001 
Herbivore  10  55  0.7058  2.29  0.0249 
Exposure x Herbivore  10  55  0.7571  1.76  0.0895 
Nutrient  20  110  0.7265  0.95  0.5239 
Exposure x Nutrient  20  110  0.5974  1.62  0.0612 
Herbivore x Nutrient  20  110  0.8517  0.46  0.9759 67 
DISCUSSION
 
Both nutrients and herbivory had effects on tidepool community structure. Their 
effects were more complex than predicted by simple food-chain models. Herbivore 
abundance patterns were not, however, influenced by the nutrient treatment. Herbivores 
limited total algal abundance and this effect declined with wave exposure, as predicted 
(Fig 2.2). The effect was most pronounced for fleshy seaweeds. Nutrients affected 
patterns of algal biomass and productivity but only when herbivores were removed. 
Thus, the prediction based on food-chain models that productivity would increase with 
nutrients both in the presence and in the absence of herbivores was not supported. 
However, algal biomass was increased by nutrient additions in wave-protected tidepools. 
This result was consistent with the prediction that nutrients would have a stronger effect 
on algal biomass and productivity in wave-protected habitats due to the effect of water 
motion on nutrient delivery rates (Fig 2.2; Wheeler 1980, Gerard 1982, Leigh et al. 1987, 
Hurd et al. 1996). 
Algal Abundance 
Algal biomass was affected by nutrients only in the absence of herbivores, 
consistent with model predictions (Fig. 2.2). Two major functional groups, calcified and 
fleshy algae, responded differently to nutrients (Figs. 2.9,2.10,2.11). The response of 
coralline algae to both herbivory and nutrients was small and inconsistent. An 68 
asymmetry in the interaction between coralline and fleshy seaweeds may have 
contributed to the lack of apparent response to nutrient additions by coralline algae. Van 
Tamelen (1992, 1996) conducted reciprocal removal experiments to determine the signs 
of interactions between fleshy and coralline algae in tidepools at this site. He found that 
fleshy algae had a positive effect on coralline algae while coralline algae had a weakly 
negative effect on fleshy algae. Competitive dominance hierarchies can change over 
gradients of productivity or physiological stress (Lubchenco 1978, Fujita 1985a). Exactly 
how the interactions between fleshy and coralline algae might change with increases in 
nutrients remains unclear. 
In contrast, fleshy seaweeds, although more susceptible to grazers, clearly 
responded to nutrient additions and were able to increase in biomass when an escape from 
herbivory was provided. Despite the potential for increased growth of fleshy algae when 
nutrients were added, addition of nutrients in pools with herbivores was not sufficient to 
increase fleshy algal production beyond the rate of consumption. The prevalence of 
coralline seaweeds in the presence of herbivores, and their lack of response to nutrient 
additions, suggests that they are incapable of capitalizing on an increase in resources 
(nutrients) by increasing their growth rate. However, morphologically undefended, 
fleshy seaweeds apparently did have the capacity to increase their growth rate in response 
to nutrients, but could not persist under strong pressure from consumers. These results are 
consistent with a hypothesized trade-off between maximum growth rates and the ability 
to defend against consumers (Littler and Littler 1980b, Lubchenco and Gaines 1981). A 
reversal of competitive dominance between morphologically defended (calcified) algae 69 
and fleshy algae under different regimes of herbivory and potential productivity is the 
hypothesized outcome of such trade-offs (Steneck and Dethier 1994). 
The effect of herbivores on fleshy seaweeds was most pronounced in wave-
protected pools. As discussed in more detail below, this may have resulted from the 
relatively large foraging range of Tegula funebralis, a large, abundant herbivore in wave-
protected pools. In South Africa, for example, large patellid limpets are able to keep a 
wide band of the intertidal zone totally cleared of foliose macroalgae, despite the high 
intertidal productivity potential in this upwelling region, because of large trophic 
subsidies from adjacent, subtidal kelp beds (Bustamante et al. 1995a). 
Algal Productivity 
Algal productivity patterns generally mirrored those of biomass with greater total 
productivity where herbivores were reduced. Likewise, productivity was increased by 
nutrient additions only when herbivores were removed. Productivity was not predicted to 
vary with herbivory, but the increase in productivity with nutrients when herbivores were 
reduced is consistent with predictions (Fig. 2.2). Biomass-specific rates of productivity 
did not increase with nutrient additions but did appear to decrease with herbivory in wave 
protected pools (Figs. 2.12, 2.13, 2.14). The decline in biomass-specific productivity in 
the presence of herbivores suggests that the herbivore response to nutrient additions was 
mediated by algal traits. If more productive algae had been able to coexist with their 
consumers, herbivores might have increased in abundance in response to nutrient 70 
additions. Even highly mobile consumers, whose foraging range exceeds the scale of 
productivity manipulations, are predicted to aggregate in higher productivity patches 
(e.g., Wootton and Power 1993). 
Considering the increased algal biomass that was present, it was surprising that 
there was no evidence of increased biomass-specific productivity rates in response to 
nutrient treatments - even in the absence of herbivory. This result suggests several 
alternate but not mutually exclusive hypotheses: 1) biomass specific growth rates were 
enhanced during an earlier interval perhaps due to seasonal changes in potential 
productivity; 2) only juvenile/sporeling growth rates were enhanced; or 3) recruitment 
and survival of sporelings was enhanced in response to nutrient additions. 
Productivity of most intertidal species is maximized during summer (Littler et al. 
1979) so it seems unlikely that I did not measure productivity during the optimal season. 
Relatively little is known about the ecology and physiology of microscopic algal life 
history stages but studies of intertidal species do provide some supporting evidence for 
the other two hypotheses. For example, growth rates of Fucus serratus germlings are 
enhanced with increased nutrients (Creed et al. 1997), nutrient uptake rates of the first 
year-class of a perennial kelp, Laminaria groenlandica, are three times greater than both 
the second and third year-classes (Harrison et al. 1986), and survivorship and sexual 
differentiation of Lessonia nigrescens gametophytes are decreased under nitrate and 
phosphate limitation, respectively (Hoffman and Santelices 1982). 
Both total and biomass specific rates of productivity were greater in wave exposed 
pools than wave protected pools. Because light levels and water motion were positively 
correlated with wave exposure, it is possible that either factor contributed to these 71 
differences in conjunction with herbivore preferences. Herbivores may have been less 
effective at limiting the abundance of algal species with greater productivity potential in 
wave exposed pools in part because of the increased availability of light and nutrients. 
The absolute productivity values were very low relative to productivity rates for 
similar species measured in other studies (Littler and Murray 1974, Littler et al. 1979, 
Littler and Littler 1980b). This is not entirely unexpected as the conditions in these 
relatively small- volume pools were not conducive to maximizing photosynthetic rates. 
Large algal biomass to water volume ratios can have significant negative impacts on 
photosynthesis through CO2 and nutrient limitation and high 02 tension (Littler 1979, 
Bidwell and McLachlan 1985a). In addition intertidal algae have been documented to 
have greater photosynthetic rates out of water than immersed (Johnson et al. 1974)) as 
well as desiccation enhanced nutrient uptake (Thomas et al. 1987b). Other critical factors 
include shading due to multiple layers of canopy and the absence of water motion in 
tidepools during low tide (Littler 1979). However these are the natural conditions for this 
community during low tide and thus representative of realistic rates of productivity for 
this community during a tidal excursion. 
Herbivore Abundance 
Contrary to model predictions (Fig. 2.2), the majority of the variation in herbivore 
biomass was explained by factors associated with wave exposure. A combination of 
large and small herbivores (mostly Tegula funebralis, Littorina scutulata, and Pagurus 72 
hirsutiusculus) was abundant at wave protected sites while smaller herbivores (Lottia spp. 
and Lacuna marmorata) dominated at the wave exposed site. Temporal variation in 
herbivore biomass was surprisingly low, especially considering the large changes evident 
in numerical abundance over time. 
The patterns of change suggest that small herbivores were replaced by larger ones 
in wave exposed pools during the second year of the experiment. This transition 
coincided with an increased herbivore effect, particularly for fleshy algal species (Figs. 
2.10, 2.11). However, in the second year of the experiment, juvenile urchins 
(Strongylocentrotus purpuratus <1 cm test diameter) also recruited into the exposed pools 
during the spring and summer (personal observation). They were removed from 
herbivore reduction pools, but may have contributed to the increased herbivore effect 
during the second year of the experiment. The following summer (1997), most exposed 
pools had 2-5 small urchins in them (clearly from the previous years' cohort) and apart 
from coralline crusts there was little algal cover (personal observation). Thus although 
the foraging efficiency of the predominantly intertidal herbivores was negatively affected 
by wave exposure during the course of this study, it is likely that this pattern would have 
changed as more typically subtidal herbivores, such as urchins, took up residence (e.g., 
Paine and Vadas 1969). 
Interestingly, removal of herbivores from wave protected tidepools (primarily the 
relatively large Tegula funebralis) evidently had a positive impact on the abundance of 
smaller herbivores (Pagurus hirsutiusculus and Littorina scutulata; Fig 2.18). This 
suggests that there may have been competition for resources between these two groups of 
herbivores. It is possible that herbivore effects were underestimated in this experiment 73 
because of the increase in the abundance of these smaller herbivores in the herbivore 
removal treatment. The hermit crab, Pagurus hirsutiusculus, has been documented to 
have non-linear per capita effects on epiphytic diatoms; effects of crabs are weak at low 
densities but increase sharply at high densities (Ruesink 1998b). In addition, the growth 
and productivity of Odonthalia floccosa, a common alga in these tidepools, is negatively 
impacted by heavy epiphyte loads of the diatom Isthmia nervosa (Ruesink 1998a). 
However, because Isthmia tends to colonize Odonthalia late in the summer, after growth 
and reproduction have occurred, the population effects are small (Ruesink 1998a). 
There was some evidence that small herbivores were more abundant in wave-
protected pools where nutrients were added and larger herbivores were reduced (Table 
2.10; nutrient effect, p = 0.0637). Algal productivity also increased in these pools in 
response to nutrient additions. The relatively low abundance of Isthmia in wave 
protected pools observed during this experiment may have been a result of the relatively 
high densities of hermit crabs (Ruesink 1998b). Hermit crabs are limited by the 
availability of shells (Vance 1972, Abrams 1987b, 1987a) but because they inhabited 
littorine shells there is a potential link between the abundances of these two species. The 
effect of these smaller invertebrates on algal biomass and productivity remains unclear, 
however, since they could not be manipulated. 
In a similar experiment where nutrients and herbivores were manipulated on 
nutrient-releasing clay pot surfaces, Wootton et al. (1996) found that nutrients increased 
the abundance of micrograzers (chironimid larvae and amphipods) in one year, but not 
others. However, micrograzers were more abundant when molluscan grazers were 
reduced over all three years that the experiments were repeated (1992-1994). They 74 
suggest that ocean-wide changes in oceanic conditions generated by the 1992 El Nitio 
were responsible for the change in the micrograzer response to nutrient additions (i.e., 
they assumed nutrients were limiting during the El Nitio year, but not in non- El Nitio 
years).  I witnessed similar patterns of abundance among large and small herbivores, 
although nutrient additions appeared to influence the abundance of small herbivores even 
during non- El Nitio years (1994-1996). 
The contrasting responses of smaller vs. larger herbivores during this and 
Wootton et al.'s (1996) experiments suggests that species interactions varied with spatial 
scale. The de-coupling of consumer-resource dynamics for large vs. small herbivores 
might be the result of the differences in their foraging ranges. For example, if larger 
consumers were free to move between pools and forage on adjacent benches, while 
smaller herbivores were restricted to foraging inside of a given pool, a de-coupling of 
consumer-resource interactions might be expected (Polis and Strong 1996). The large 
snail, Tegula funebralis, was the most abundant herbivore in wave protected pools, but 
frequently moved between pools and traveled large distances. Six individually marked 
snails traveled an average (±SEM) of 30.4 (± 5.4) meters over a two week period at this 
site (Whitsett, unpublished data). Therefore, at the scale of a tidepool, Tegula might be 
considered a consumer with a trophic subsidy from an adjacent habitat, while for smaller 
invertebrates the tidepool represents a relatively closed system. 75 
Conclusions 
This study has demonstrated that nutrients can be influential in determining the 
structure of algal assemblages in conjunction with refuges from herbivory even in an 
upwelling region where nutrients are rarely, if ever, considered a limiting factor for 
seaweeds (Fujita et al. 1989, Wheeler and Bjornsater 1992). However, the influence of 
nutrients on seaweeds was de-coupled from herbivore abundance patterns. Large 
herbivores did not increase in abundance in response to nutrient additions, although there 
was some evidence suggesting that smaller herbivores did increase in abundance in 
response to nutrient additions. The combined effect of morphological defenses of 
seaweeds, and the foraging range of the top consumer relative to the scale of the 
experiments, were likely factors that contributed to this de-coupling of herbivore from 
resource dynamics. The effect of nutrients on seaweeds was more pronounced in wave-
protected pools in a manner that was consistent with a predicted hydrodynamic 
mechanism. Herbivores had a strong overall impact on algal abundance that declined 
with wave exposure in agreement with top-down predictions of food-chain models and 
previous research in rocky intertidal systems. Contrary to model predictions, herbivores 
had a strong negative effect on algal productivity. Apparently algal species with the 
potential to respond to increased nutrients had no effective refuge from herbivory in these 
pools. 76 
CHAPTER 3
 
Nutrient Dynamics and Community Structure in Intertidal Pools
 
ABSTRACT 
In tidepools, descriptive studies of the fluctuations of physical factors in tidepools 
and their effect on inhabitants have been made but virtually none have considered the 
impact of nutrients. In marine ecosystems the community impact of variation in nutrients 
is poorly understood. Although nutrients are difficult to manipulate on any  spatial scale 
in the ocean, rock pools isolated at low tide provide convenient well defined units within 
which to alter nutrient levels. In spite of the evidence that algae strongly influence the 
physical environment of the tidepools they inhabit (e.g., often supersaturating the water 
with dissolved oxygen by as much as 300% as a result of photosynthesis), surprisingly 
little work has been done documenting the fluctuation of nutrients in tidepools over low 
tide, and their relationship to macroalgal abundance. 
In intertidal habitats, tidepools are typically viewed as ameliorators of desiccation 
stress. Thus tidepools may allow macroalgae and invertebrates to extend the upper 
boundaries of their vertical range when in pools. Despite this potential positive influence, 
pools may still be stressful habitats relative to a given alga's customary environment, 
because both nutrient uptake and photosynthesis may be severely challenged by the 
chemical and physical limitations of a fixed volume in isolated pools. To evaluate this 
issue, I documented nutrient changes in artificially-created tidepools. Artificial pools are 
powerful, manipulative field mesocosms because they control for the physical and 77 
historical variation found among naturally occurring pools. Specifically, in pools where 
both herbivore and nutrient levels had been manipulated, I calculated the rates of nutrient 
uptake during low tide. 
Results demonstrated that nutrients, in particular nitrates, are often depleted in 
tidepools over a tidal cycle and that nutrient uptake rates are significantly enhanced by 
experimental nutrient additions.  In addition, the abundance of fleshy seaweeds was 
correlated with total nutrient uptake. With an earlier study at this site, these results 
demonstrate that nutrients limit both algal growth and productivity in the absence of 
herbivores, and that nutrient limitation in tidepools is a function of pool volume, duration 
of isolation from the ocean, herbivory, and degree of water flow during high tide. Thus 
the relative abundance of algal types can be influenced by both nutrient limitation and 
herbivory in this rocky intertidal community. 
INTRODUCTION 
Despite extensive research in rocky intertidal communities, the ecology of 
intertidal pools per se is relatively poorly known (reviewed in Metaxas and Scheibling 
1993). Zonation patterns of algae and invertebrates with respect to tidal height, wave 
exposure and depth within pools have been observed but interpretations are often 
complicated by the overlying variation associated with individual pool dimensions or 
history, and lack of appropriate replication (within zones or heights) among naturally 
occurring pools (Henkel 1906, Johnson and Skutch 1928, Dethier 1980, 1982, 1984, 
Femino and Mathieson 1980, Sze 1980, 1982, Wolfe and Harlin 1988a, 1988b, Kooistra 78 
et al. 1989, Astles 1993, Metaxas and Scheib ling 1994c and see Metaxas and Scheib ling 
1993 for a general review of tidepools studies). Physical characteristics such as 02 and 
CO2 concentrations, temperature, pH and salinity have also been documented and vary 
widely among pools depending on their dimensions, tidal height, degree of wave 
exposure, and time of day (Stephenson and Eyre 1922, McGregor 1965, Ganning and 
Wulff 1970, Ganning 1971, Femino and Mathieson 1980, Morris and Taylor 1983, 
Huggett and Griffiths 1986, Wolfe and Harlin 1988b). 
At low tide, pools are isolated from the sea for time periods that vary with their 
height on the shore. The physical conditions generated by isolation have been described 
as either harsh or ameliorative for their inhabitants depending in part on tidal height and 
the particular organism in question. Relative to the surrounding substratum, tidepools are 
thought to enhance algal persistence and extend their vertical range due to the 
amelioration of desiccation stress. Conditions thought to oppose this upward extension in 
pools are high temperatures and salinity (Johnson and Skutch 1928, Dethier 1984, 
Underwood and Jernakoff 1984b, Kooistra et al. 1989). Alternatively, while algae may 
be released from physical stress in pools, their consumers may be more efficient at 
consuming them in pools because feeding is not interrupted by emersion. In addition, 
herbivore effects may be further increased because herbivores are released from predation 
by persisting at a higher tidal height than their predators (e.g., Dethier 1980). Herbivores 
have been documented to have strong effects on the structure of algal assemblages in 
tidepools at varied tidal heights and in many locations around the world (Paine and Vadas 
1969, Lubchenco 1978, Dethier 1982, Underwood and Jernakoff 1984a, Chapman 1990, 
Benedetti-Cecchi and Cinelli 1992, 1996). However, these effects may be modified by 79 
the presence of predators (Lubchenco 1978) or stressful physical conditions (for the 
herbivores), especially higher on the shore (Underwood and Jernakoff 1984a). 
The physical and chemical characteristics of the water in tidepools have only been 
considered in a descriptive sense, and primarily from the perspective of animal 
physiology (Stephenson and Eyre 1922, Ganning 1971, Morris and Taylor 1983, Huggett 
and Griffiths 1986, Wolfe and Harlin 1988b). Clearly, moving from oceanic 
environments where temperature, pH, oxygen, and salinity fluctuate relatively little 
within a given mass of water, to inhabiting a small, temporarily landlocked body of water 
where all these factors can fluctuate widely, may present challenges to animal and algal 
physiology. Algae seem to be responsible for large diurnal oxygen fluctuations in pools 
(Stephenson and Eyre 1922, McGregor 1965, Ganning and Wulff 1970, Ganning 1971, 
Morris and Taylor 1983, Huggett and Griffiths 1986), but virtually no research has been 
done on the patterns of availability of nutrients critical for algal growth. With few 
exceptions, studies of the physical and chemical environment in tidepools have rarely if 
ever monitored nutrients, their fluctuations over tidal excursions, or their potential to 
influence community structure (but see Ganning and Wulff 1969, Jensen and Muller-
Parker 1994, Metaxas and Scheibling 1994a, 1994b, 1996). 
The role of nutrients in determining the structure of rocky intertidal communities 
whether on well studied rock benches or in tidepools has received little attention (Menge 
1992). Clearly direct access to nutrients for benthic macroalgae is limited by tidal height, 
with algae lower on the shore benefiting from increased inunersion time. Algae living in 
tidepools are constantly immersed in water, but the benefit of living in an isolated pool 
versus on emergent substrata depends on full consideration of the change in physical 80 
conditions and the physiological responses of the algae. During low tide, pools might 
relieve desiccation stress for low intertidal and subtidal algal species more accustomed to 
constant submergence and allow them to persist higher on the shore (as suggested by 
observational studies cited above), but access to nutrients and conditions for 
photosynthesis may not be significantly improved. Many intertidal species, on the other 
hand, have desiccation-enhanced rates of nitrogen uptake that are positively correlated 
with tidal height (Thomas and Turpin 1980, Thomas and Harrison 1987, Thomas et al. 
1987a, 1987b). This response is of sufficient duration to significantly contribute to total 
nitrogen budgets and thus might be considered an adaptive response to compensate for 
predictable decreases in immersion time and access to nutrients. Algae inhabiting 
intertidal pools have an increased allotment of time in contact with nutrient-bearing 
water, however, new potential challenges to nutrient acquisition and photosynthesis arise, 
including: 1) lack of water motion; and 2) intensified competition between species within 
the pool for, at least temporarily, potentially limited resources. 
Water motion relieves algae of limitations on photosynthetic capacity via self 
shading by constantly exposing different layers of algal thalli to light (Leigh et al. 1987, 
Wing and Patterson 1993). Development of a thick diffusion boundary layer around the 
surfaces of algal thalli in pools where water velocity is reduced to essentially zero for 
several hours will also significantly decrease nitrogen and carbon uptake rates (Wheeler 
1980, Carpenter et al. 1991, Patterson et al. 1991, Hurd et al. 1996). Additionally super-
saturation of 02 (up to 300%) common in tidepools isolated during daylight hours 
(Stephenson and Eyre 1922, Ganning and Wulff 1970, Ganning 1971, Morris and Taylor 
1983, Huggett and Griffiths 1986) and a direct result of photosynthesis itself, may also 81 
inhibit photosynthesis (Dromgoole 1978). Therefore low intertidal and subtidal species 
may be able to extend their range upward on the shore in pools due to relief from 
desiccation stress but still be at a disadvantage relative to neighboring conspecifics lower 
on the shore. Similarly the adaptations of intertidal species to periodic low tides may 
make constant submergence less than completely beneficial. In addition to having 
desiccation-enhanced rates of nutrient uptake (Thomas and Turpin 1980, Thomas and 
Harrison 1987, Thomas et al. 1987a, 1987b) many intertidal species also have elevated 
photosynthetic rates when out of water (Johnson et al. 1974, Quadir et al. 1979, Bidwell 
and McLachlan 1985b, Johnston and Raven 1986). In contrast, macroalgae typically 
found in low intertidal and subtidal zones show decreased photosynthetic capacity when 
emersed (Stuff and Raven 1990). Thus any potential benefit of increased submergence 
time for algal species living in tidepools depends on the bottom line of a complex cost-
benefit analysis. 
The goal of this study was to assess the relationship between community structure 
and nutrient dynamics in tidepools. Most previous ecological studies of tidepools have 
relied upon naturally occurring pools that varied widely in physical dimensions and 
history (reviewed in Metaxas and Scheibling 1993, but see Underwood and Jemakoff 
1984a, van Tamelen 1992, 1996, Underwood and Skilleter 1996, for exceptions). In 
addition to the confounding of history and dimensionality, comparing between tidal 
heights and wave exposure is problematic when sufficient numbers of comparable pools 
are not available for well replicated, orthogonal contrasts. To overcome these potentially 
confounding problems, I created a set of artificial tidepools in mudstone benches at Boiler 
Bay on the Oregon coast. The study I discuss here is part of a larger scale, experimental 82 
evaluation of the effects of nutrients and herbivory on tidepool community structure 
(Chapter 2). Over the two years of the experiment I demonstrated that nutrients limited 
algal biomass and productivity when herbivores were excluded from pools, especially at a 
wave protected site (Chapter 2). Here I consider nutrient dynamics during extreme low 
tide excursions during the summer of the second and final year of the experiment. I 
examined the nutrient dynamics in pools that received no experimental manipulations 
together with pools where nutrients and herbivores had been manipulated and addressed 
two main questions: 1) What is the pattern of change in nutrient concentrations over low 
tide and how is it affected by nutrient additions and herbivore removals? and 2) What are 
the patterns of nutrient uptake in tidepools and how are they related to macroalgal 
abundance? 
METHODS 
Experimental Design 
The tidepools used for this study were created to minimize physical and historical 
variation among them. Eighty-four identical pools (mean dimensions + SEM: depth = 
15.8 cm + 0.2; diameter 40.1 + 0.3; volume = 11.5 + 0.2) were created using a gas-
powered jackhammer in the upper intertidal zone (between +0.97 and +1.63 m above 
mean lower low water) at two sites that differed in wave exposure. Nutrient levels were 
monitored over periods of tidal isolation during summer 1996. Below I briefly 83 
summarize the experimental treatments that had been underway since fall 1994 and are 
described in more detail in Chapter 2. 
Nutrient levels were manipulated by attaching timed-release dispensers in the 
bottom of each pool. I assumed that nutrient levels were only significantly enhanced 
during low tide while pools were isolated from the ocean. The dispensers were fashioned 
from capped and perforated pieces of PVC pipe and lined with plastic window screen to 
retain Osmocote® controlled release fertilizer granules (14-14-14 formulation: resin 
coated granules of ammonium nitrate, ammonium phosphate, calcium phosphate, and 
potassium sulfate, producing 8.2 % ammonium, 5.8% nitrate, 14% phosphoric acid, 14% 
potash). Dispensers were anchored into the bottom of the tidepools using stainless steel 
eyebolts and plastic cable ties. Three nutrient levels were established: ambient (dispenser 
with no fertilizer pellets), low (dispenser with 20 g fertilizer pellets), and high (dispenser 
with 40 g fertilizer pellets). 
I reduced the abundance of herbivores using a combination of methods. Limpets 
and chitons were prevented from crawling into pools by barriers of Z- sparTM marine 
epoxy (Seattle Marine, Seattle, WA) coated with copper-based anti-fouling paint. 
Juvenile recruits settling out of the water column were manually removed during each 
census. Some herbivores (e.g., Tegula funebralis) are not deterred by copper paint and 
were excluded by covering the tidepools with lids of translucent Vexar® (Norplex, Kent, 
WA) plastic mesh (1/4" openings). Lids with openings large enough to allow Tegula to 
enter, and incomplete copper paint barriers, allowing limpets and chitons to enter, were 
used as manipulation controls on pools where herbivores were kept at natural levels. 84 
The three levels of nutrients (ambient, low, and high) were combined with the two 
herbivore treatments (natural and reduced abundances hereafter referred to as + 
herbivores and  herbivores, respectively) in a fully factorial design. Treatments were 
assigned to pools in a randomized block design and were replicated 6 times at each of two 
wave exposures (protected and exposed). 
The experiment was initiated in November 1994 and terminated in November 
1996. Nutrient dispensers were placed in tidepools for a period of  6 weeks in spring 
and again in summer of both 1995 and 1996. I collected the water samples to document 
the nutrient dynamics reported in this paper during summer 1996 approximately 24 hours 
after replacing dispensers in the pools. 
Nutrient Sampling 
I sampled water from the tidepools between 16-19 June 1996. Because of time 
constraints, three out of the six replicate blocks available at each wave exposure were 
randomly chosen to be sampled (N = 36). Water was sampled from each pool three 
times: 1) as the tide receded just prior to pool emergence, 2) again at low tide, and 3) 
within  1/2 hour of being submerged by the incoming tide. 
Nutrients were sampled from tidepools using 250 ml HDPE opaque plastic sample 
bottles that were acid washed (10% HC1 solution) and thoroughly rinsed in deionized 
water prior to sampling. A sub-sample of 100 ml was filtered through a 25 mm 
combusted (500 °C for at least 4 hours) Whatman glass fiber filter (GF/F; 0.7 m pore 85 
size) into 125 ml clear HDPE plastic bottles (washed as above) in the field immediately 
after sampling. All samples were stored on ice in a cooler until returned to the lab at the 
end the sampling period for that day (storage time < 6 hours). Sub-samples were frozen 
for later analysis of phosphates and nitrate + nitrite (hereafter referred to as "nitrate") 
using standard techniques (Strickland and Parsons 1972, Hellebust and Craigie 1978, 
Grasshoff et al. 1983, Parsons et al. 1984, Wheeler 1985). Because both filtering and 
freezing can significantly alter ammonium levels, unfiltered samples were immediately 
analyzed for ammonium concentration upon return to the lab. Values for the individual 
samples used in all statistical and graphical analyses are the average of three replicate 
measurements made on each sample (the coefficient of variation for each measurement 
reported was typically < 5%). 
Dispenser release rates were calculated in the lab by measuring the change in 
concentration of each nutrient over time in plastic buckets containing nutrient dispensers 
and filled with 11.5 liters of seawater (same volume as pools). The measurements were 
made for the same period of time that field data were collected (5 hours). Three 
replicates of each dispenser type (ambient, low and high) were placed in separate buckets 
and seawater was sampled every 20 minutes for the first hour and then at 2 and 5 hours. 
Nutrients were analyzed within one hour of collection using standard techniques 
(Strickland and Parsons 1972, Hellebust and Craigie 1978, Parsons et al. 1984, Wheeler 
1985) as outlined above for field samples. The range of nutrient concentrations during 
field uptake and lab release rate trials were similar. 86 
Nutrient Uptake 
Nutrient uptake rates were calculated both for whole tidepools and on a biomass-
specific basis. Changes in the concentration of nutrients in isolated tidepools are a 
function of algal uptake, excretion from animals, and input from dispensers. Rates of 
uptake were calculated as the sum of the absolute amount of nutrient disappearing from a 
tidepool plus the average amount of nutrient released from a dispenser over the same time 
interval. All calculations were corrected for changes in volume due to sampling. I 
assumed that the release rates calculated in the lab using fresh dispensers would not be 
substantially different from release rates in the field within the first 24 hours of 
deployment. The contribution of animal excretion could not be adequately assessed for 
each pool in this calculation but is probably only of practical significance for ammonium 
(Jensen and Muller-Parker 1994). If one assumes that animals increase ammonium 
concentrations then the estimates of ammonium uptake rates are likely to be conservative. 
Biomass-specific uptake rates were calculated using estimates of macroalgal 
biomass from a census conducted over several weeks immediately subsequent to the 
water sampling. I calculated macroalgal biomass by visually estimating percent cover of 
each algal species and then used a regression equation to convert to grams ash-free dry 
weight (total algal biomass (g) = 42.73 total algal cover + 7.00, p = 0.001, R2 = 0.72; see 
Chapter 2: Methods and Results for details). Since algal biomass estimates were made 
over several weeks subsequent to nutrient sampling and significant algal growth may 
have occurred during that period, biomass-specific rates may also be conservative 
estimates of maximal uptake. 87 
In order to test the relative contribution of photosynthetic and non-photosynthetic 
processes in altering nutrient dynamics in the pools, I measured nutrient levels in the 
presence and absence of light. On 29 August 1996, I measured the change in 
concentration of nutrients in tidepools exposed to ambient solar radiation or deprived of 
light for intervals of 80 minutes. Six control tidepools (see Fig 2.3, Chapter 2) were 
randomly assigned to one of two treatment orders: light first or dark first. In the first 
interval, half of the pools were covered with an opaque (black plastic covered) Plexiglas 
lid and half with a clear Plexiglas (optically pure grade) lid; during the second interval the 
treatments were reversed. Water was sampled at the start of the experiment and at the 
end of each 80 minute interval. 
Physical conditions 
Weather conditions were similar on all dates when nutrients were monitored 
(Table 3.1). Ambient levels of photosynthetically active radiation (PAR) were not 
measured during nutrient sampling but measurements during the same month, time of 
day, and under similar weather conditions were taken in 1995 and 1996 (Fig. 2.15, 
Chapter 2). These data show that PAR was lower and more variable at the wave-
protected site because of light "flecking" through the leaves of tall trees located on the 
cliff surrounding the cove (Fig. 2.15). Ambient light levels (PAR) typically ranged from 
59 -1247 moles m2 s-1 at the protected site and 33  1445 moles m-2 s' at the exposed 88 
site between approximately 6:30 and 11 am (sunrise was between 5:31 and 5:36 am on 
July sampling dates and at 6:36 on 29 August 1996). 
Table 3.1. Physical conditions during nutrient monitoring. For all dates except 29 
August "start" indicates the time the initial sample was taken and was within 1/2 hour of 
pools being isolated from the ocean; "end" was the time the final sample was taken and 
was within 1/2 hour of pools being submerged by incoming tide. Average water 
temperature and salinity in tidepools during sampling intervals; the range in temperature 
between pools did not vary more than 0.5 degrees and salinity did not change by more 
than 0.5 0/00 between pools or times on any date. All nutrient level treatments were 
sampled on 16-19 July 1996. The effect of light on nutrient uptake was assessed on 29 
August 1996 using control tidepools. 
Water  Air Temperature 
Temperature (°C) Salinity (°C) 
Weather Conditions Date	  Time  C/00 
Start  End  Start  End  Start  End 
8.5  12.0  35.5  11.0  ND  sunny, some clouds 16-Jun-96	  4:35  9:55 
8.0  11.3  36.0  11.5  13.0  sunny, some clouds, brief 17-Jun-96  5:15  10:15 
sprinkle 
12.8  35.0  11.0  17.0  sunny, some clouds, brief 18-Jun-96  5:55  11:10  10.0 
sprinkle 
9.8  12.8  34.5  12.5  18.0  sunny 19-Jun-96	  6:25  11:50 
ND  ND  ND  ND  sunny 29-Aug-96	  6:50  9:30  ND 
Statistical Analysis 
Statistical analyses were done using SAS software (version 6.12). Multivariate 
techniques were used when possible because rates of change of the three different 
nutrients are likely to be correlated. I used a doubly-multivariate repeated measures 
analysis of variance (SAS 1989) to analyze the pattern of disappearance of nutrients from 
tidepools over a low tide excursion. The effects of experimental treatments on nutrient 89 
uptake rates of tidepools and biomass specific uptake rates were analyzed by MANOVA 
(SAS 1989). However differences in nutrient concentrations over time created by 
nutrient dispensers were evaluated using a repeated measures analysis of variance on each 
nutrient separately because the low replication relative to the number of repeated 
measures made it impossible to analyze using multivariate techniques (von Ende 1993). 
The effect of light on the change in nutrient concentrations was analyzed using 
MANOVA with light and order of treatment as main effects. Because the data consist of 
paired differences, and the treatment order was randomly assigned to each pool, the effect 
of time (treatment order) can be directly tested (Ramsey and Schafer 1997). 
All data sets were assessed for normality and heteroscedasticity by visual 
inspection of normal probability and residual plots. Log transformations were generally 
sufficient to correct distributions when they deviated from model assumptions. Two 
outliers were detected in the analyses of changes in nutrient concentrations in the pools 
over time and total nutrient uptake. They were repeated without the outliers but in both 
cases the removal strengthened and did not alter the interpretations. However, since there 
was no independent reason to suspect that either of the outliers did not belong to the 
populations of interest, and replication was very low, the results of the analyses including 
the outliers are presented. 90 
RESULTS 
Pool profiles 
Nutrient levels generally declined through time except where nutrients had been 
added (Figs. 3.1, 3.2; Table 3.2, within subjects intercept and nutrient effects p = 0.0001 
and 0.0341, respectively). Nitrate levels were initially quite high and the most rapidly 
depleted. Ammonium was the only nutrient that increased in concentration in pools 
without the addition of nutrients (Figs. 3.1,3.2). The pattern of disappearance of nutrients 
from tidepools differed strikingly depending on nutrient and herbivore treatments but the 
herbivore effect also varied with wave exposure (Figs. 3.1, 3.2; Table 3.2, between 
subjects nutrient, herbivore and exposure x herbivore effects, p = 0.0010, 0.0046 and 
0.0001, respectively). 
In wave-protected pools where herbivores had been reduced, nutrients were 
depleted faster than in pools where herbivores were present (Fig. 3.1). In addition, the 
apparent effect of nutrient additions on the concentration of nutrients in pools where 
herbivores had been excluded was virtually absent (Fig 3.1). However, the pattern was 
somewhat reversed for wave exposed pools; nitrates, in particular, were depleted more 
rapidly from pools with herbivores except at the highest level of the nutrient treatment 
(Fig. 3.2). 91 
Table 3.2. Variation in nutrient concentration (ammonium, phosphate and nitrate + 
nitrite) of tidepools during an extreme low tide as a function of wave exposure (protected 
or exposed), herbivory (ambient and reduced) and nutrients (ambient, low and high). 
Tidepools were sampled 16-19 June 1996; experimental manipulations of nutrient levels 
and herbivory were started in November 1994. See Methods for details. Data were log 
transformed and analyzed using a doubly-multivariate repeated measures ANOVA. 
Source  N df  D df  Wilks' X  F 
Between Subjects (effect averaged over 
time) 
Exposure  3  2  0.0392  16.36  0.0582 
Blocks(Exposure)  12  48  0.5544  1.00  0.4657 
Herbivore  3  18  0.4940  6.15  0.0046 
Exposure x Herbivore  3  18  0.2910  14.62  0.0001 
Nutrient  6  36  0.3057  4.85  0.0010 
Exposure X Nutrient  6  36  0.6097  1.68  0.1532 
Herbivore X Nutrient  6  36  0.5677  1.96  0.0970 
Exposure X Herbivore X Nutrient  6  36  0.8969  0.34  0.9136 
Within Subjects (change in effect over time) 
Time (intercept)  6  15  0.0146  169.03  0.0001 
Time x Exposure *  6  15  0.2427  7.80  0.0006 
Time x Blocks(Exposure)  24  54  0.4310  0.61  0.9076 
Time x Herbivore  6  15  0.1601  13.11  0.0001 
Time x Exposure x Herbivore  6  15  0.1366  15.80  0.0001 
Time x Nutrient  12  30  0.2748  2.27  0.0341 
Time x Exposure x Nutrient  12  30  0.5406  0.90  0.5570 
Time x Herbivore x Nutrient  12  30  0.4006  1.45  0.1984 
Time x Exposure x Herbivore x Nutrient  12  30  0.4513  1.22  0.3143 
* Correct error term to test the effect of Exposure (Blocks (Exposure)) could not be used due to insufficient 
degrees of freedom; results presented in this case reflect the test of Exposure using residual error. This 
results in an inflation of the probability of a type I error and thus should be interpreted with caution. 92 
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Figure 3.1. Nutrient concentrations of wave-protected tidepools over a low tide 
excursion. Data are averages + SEM; n=3. Nutrient levels were experimentally 
manipulated by timed-release dispensers in the pools; ambient indicates no nutrients 
added. The abundance of herbivores was reduced (reduced) in half of the pools, and left 
at natural levels in the other half (present). See text for additional details. 93 
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Figure 3.2. Nutrient concentrations of wave-exposed tidepools over a low tide excursion. 
Details as in Fig. 3.1. 94 
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Figure 3.3. Rate of release of nutrients from dispensers. Average concentration of 
nutrients over time in buckets with 11.5 liters of seawater and timed-release nutrient 
dispensers. Data are averages + SEM; n = 3. 95 
Dispenser profiles 
Lab trials of nutrient dispensers demonstrated that although the average 
concentrations of ammonium, phosphate and nitrate were consistently ranked by level 
over time, there was considerable variability among dispensers (Fig. 3.3). There was a 
significant effect of level for each nutrient averaged over time (between subjects level 
effect from repeated measures MANOVA: nitrate p=0.044, F=5.51 , n=3; ammonium 
p=0.004, F=16.42 , n=3; phosphate p=0.036, F=6.06, n=3; data were log transformed 
prior to analysis). Nutrient release appeared to plateau over time suggesting that release 
rates were inhibited at high concentrations. 
Total Uptake Rates 
Overall, the rate of nutrient uptake from tidepools was significantly increased by 
the nutrient additions (Fig. 3.4, Table 3.3a, nutrient effect p = 0.0001). However, nutrient 
uptake appeared to plateau at the low level for ammonium and nitrates (Fig. 3.4; Table 
3.3b, nutrient effect for ammonium, phosphate and nitrate p = 0.0001 for all). The effect 
of the herbivore treatment on uptake rates varied with wave exposure (Fig. 3.4, Table 
3.3a, exposure x herbivore effect, p = 0.0017). In wave-protected pools, nutrient uptake 
was greatest in pools where the abundance of herbivores had been reduced, but was most 
pronounced for nitrates (Fig 3.4). In wave-exposed pools, herbivore reductions increased 96 
nutrient uptake, but only at high nutrient levels (Fig 3.4). Total uptake did not differ 
significantly between wave exposures (exposure effect p = 0.2117, Table 3.3a). 
When herbivores are excluded (Chapter 2), nutrient additions result in increased 
macroalgal cover and biomass in wave protected pools. This effect is primarily the result 
of increased cover of fleshy seaweeds. To examine the relationship between macroalgal 
abundance and total nutrient uptake I examined the rate of uptake of each nutrient as a 
function total algal biomass, and separately for fleshy algal cover and cover of coralline 
algae. There was a positive relationship between the uptake rates of each nutrient and 
cover of fleshy algae but these explained only a small proportion of the variance and were 
only statistically significant for nitrate and phosphate (Table 3.4b, p = 0.0060 and 0.0346, 
respectively). 97 
Table 3.3. Variation in nutrient uptake rates in tidepools over a low tide excursion as a 
function of wave exposure (protected or exposed), herbivory and nutrient level (ambient, 
low and high). Tidepools were sampled 16-19 June 1996; experimental manipulations 
were started in November 1994. A) Data analyzed using MANOVA. B) Univariate 
results describing patterns of uptake for each nutrient separately. 
A. Multivariate Analysis 
Source  N df  D df  Wilks' ?.  F  P 
Exposure  3  2  0.1467  3.88  0.2117 
Blocks(Exposure)  12  64  0.6593  0.91  0.5454 
Herbivore  3  24  0.8791  1.10  0.3682 
Exposure x Herbivore  3  24  0.5379  6.87  0.0017 
Nutrient  6  48  0.0027  159.94  0.0001 
B. Univariate Analysis 
Source  df MS  F  P  fe 
Ammonium 
Exposure  1  325.38  0.61  0.4418  0.00 
Blocks(Exposure)  4  377.35  0.71  0.5941  0.01 
Herbivore  1  1574.90  2.95  0.0976  0.01 
Exposure x Herbivore  1  165.34  0.31  0.5825  0.00 
Nutrient  2  48707.92  91.32  0.0001  0.85 
Residual  26  533.40 
Phosphate 
Exposure  44.36  0.94  0.3400  0.00 1 
Blocks(Exposure)  4  34.01  0.72  0.5832  0.01 
Herbivore  1  162.36  3.46  0.0743  0.01 
Exposure x Herbivore  1  10.30  0.22  0.6433  0.00 
Nutrient  2  4771.12  101.63  0.0001  0.86 
Residual  26  46.95 
Nitrate 
Exposure  1  64.69521  0.17  0.6868  0.00 
Blocks(Exposure)  4  320.217  0.82  0.5224  0.04 
Herbivore  1  987.2164  2.54  0.1233  0.03 
Exposure x Herbivore  1  1132.996  2.91  0.0998  0.03 
Nutrient  2  10846.88  27.88  0.0001  0.61 
Residual  26  389.0377 98 
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Figure 3.4. Average nutrient uptake rates of tidepools. Rates were calculated over a 5 
hour period in pools with an average volume of 11.5 liters. Experimental treatments are 
as indicated in Fig 3.1. See text for details regarding calculation of uptake rates. 99 
Table 3.4. Relationship between nutrient uptake rates and abundance of macroalgae. 
Regressions of ammonium, phosphate and nitrate uptake rates as a function of: A) total 
macroalgal biomass, B) percent cover of fleshy algae, and C) percent cover of coralline 
algae. Data are pooled across nutrient and herbivore treatments (n=36 in all cases). 
Residuals were normally distributed. 
Intercept  Slope  le  P 
A) Total Macroalgal Biomass 
Ammonium  21.84  0.71  0.035  0.2723 
Phosphate  2.58  0.29  0.060  0.1505 
Nitrate  31.42  0.66  0.100  0.0597 
B) Fleshy Algal Cover 
Ammonium  47.59  0.60  0.106  0.0528 
Phosphate 
Nitrate 
14.54 
59.34 
0.20 
0.46 
0.125 
0.202 
0.0346 
0.0060 
C) Coralline Algal Cover 
Ammonium  82.38  -0.11  0.007  0.6318 
Phosphate 
Nitrate 
24.75 
82.10 
-0.02 
-0.05 
0.003 
0.004 
0.7483 
0.7032 100 
Table 3.5. Variation in biomass-specific (ash-free dry weight) nutrient uptake rates 
(ammonium, phosphate and nitrate + nitrite) of tidepool algae during low tide as a 
function of wave exposure (protected or exposed), herbivory (ambient and reduced) and 
nutrient level (ambient, low and high). Tidepools were sampled 16-19 June 1996; 
experimental manipulations were started in November 1994. A) Data analyzed using 
MANOVA. B) Univariate results describing patterns of uptake for each nutrient 
separately. 
A. Multivariate Analysis 
Source  N df  D df  Wilks' X  F  P 
Exposure  3  2  0.0783  7.85  0.1151 
Blocks(Exposure)  12  64  0.5260  1.46  0.1628 
Herbivore  3  24  0.9974  0.02  0.9958 
Exposure x Herbivore  3  24  0.6485  4.34  0.0141 
Nutrient  6  48  0.0041  116.53  0.0001 
B. Univariate Analyses 
Source  df  MS 
Ammonium 
0.54  1.21  0.3323  0.02 1 Exposure 
2.1  0.1094  0.06 Blocks(Exposure)  4  0.44 
0.00  0  0.9717  0.00 Herbivore  1 
Exposure x Herbivore  1  0.10  0.49  0.4892  0.00 
2  11.26  53.39  0.0001  0.74 Nutrient 
26  0.21 Residual 
Phosphate 
1  0.04  1.24  0.3275  0.02 Exposure 
4  0.03  2.23  0.0928  0.05 Blocks(Exposure) 
1  0.00  0  1  0.00 Herbivore 
Exposure x Herbivore  1  0.01  0.65  0.4265  0.00 
2  1.10  70.3  0.0001  0.79 Nutrient 
Residual  26  0.02 
Nitrate 
Exposure  1  1.04  3.39  0.1396  0.12 
Blocks(Exposure)  4  0.31  3.55  0.0195  0.14 
0.00  0.01  0.9074  0.00 Herbivore  1 
Exposure x Herbivore  0.14  1.59  0.2192  0.02 1 
2  2.18  25.19  0.0001  0.48 Nutrient 
Residual  26  0.09 101 
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Figure 3.5. Average biomass-specific (grams ash-free dry weight) nutrient uptake rates 
in tidepools. Details as in Fig. 3.4. 102 
Biomass-specific Uptake Rates 
Biomass-specific uptake rates were strongly influenced by nutrient additions 
(Table 3.5a, nutrient effect, p = 0.0001). There was also evidence of an interaction 
between herbivory and wave exposure in the multivariate analysis (Table 3.5a, exposure 
x herbivore effect, p = 0.0141).  However, this interaction was not statistically evident for 
any of the nutrients on an individual basis (Table 3.5b, exposure x herbivore effect for 
ammonium, phosphate, and nitrate, p = 0.4892, 0.4265 and 0.2192, respectively). There 
was also no effect of exposure on biomass specific uptake rates (Table 3.5a, exposure 
effect, p = 0.1151). 
Light effect 
Light effects on the change in concentration of nutrients in tidepools depended on 
the order in which it was applied (Table 3.6a, light x order effect p = 0.0007). This 
effect was due to a strong influence on phosphate of the order of the light manipulation 
(Fig. 3.6; Table 3.6b, light x order interaction for ammonium, phosphate and nitrate, p = 
0.8071, 0.0001, and 0.2276, respectively). The reduction of phosphate concentrations in 
the pools in the first time interval (lower two points in phosphate graph in Fig.3.6) 
appeared to be more strongly influenced by the light treatment, with more phosphate 
disappearing in the light. However, in the second time interval (upper two points in the 
phosphate graph in Fig. 3.6) the change in phosphate concentrations was apparently not 
affected by the light treatment. The change in ammonium and nitrate concentrations, 103 
although not influenced by the order of treatment, was significantly reduced in the 
absence of ambient light (Fig. 3.6; Table 3.5b, light effect for ammonium and nitrate, p = 
0.0104 and 0.0021, respectively). Ammonium was the only nutrient to increase in 
concentration over time but only did so in the dark (values in the dark are positive in Fig. 
3.6). 104 
Table 3.6. The effect of light on the change in concentration ofnutrients in tidepools 
during an extreme low tide excursion. Six randomly selected control tidepools (no 
manipulation of either nutrient levels or herbivory) were used in this experiment. 
Tidepools were randomly assigned to treatment order (ambient light followed by 
complete darkness or vice versa). Sampling was done prior to treatment and after each 
treatment interval. Intervals were 80 minutes each. A) results of the MANOVA. B) 
Univariate analyses. 
A. Multivariate Analysis 
Source  N df  D df  Willis' X  F  P 
Light  3  6  0.195217  8.245  0.0150 
Order  3  6  0.660369  1.0286  0.4442 
Light x Order  3  6  0.067356  27.6929  0.0007 
B. Univariate Analyses 
df MS F  P  R2 Source 
Ammonium 
Light	  1  2.767756  11.1  0.0104  0.573628 
1  0.046275  0.19  0.6780  0.009591 Order 
1  0.01588  0.06  0.8071  0.003291 Light x Order 
Residual  8  0.249386 
Phosphate 
0.026227  8.12  0.0215  0.064184 1 Light 
1  0.011322  3.51  0.0980  0.027709 Order 
106.93  0.0001  0.844895 Light x Order	  1  0.345238 
Residual  8  0.003229 
Nitrate 
1  24.50249  19.86  0.0021  0.666947 Light 
Order  0.260456  0.21  0.6581  0.007089 1 
1  2.106816  1.71  0.2276  0.057347 Light x Order 
Residual  8  1.233564 105 
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Figure 3.6. Effect of light on change in nutrient concentration in tidepools. Data are 
average (± SEM; n = 3) change in concentration during each interval (final concentration 
- initial concentration; positive values indicate an increase in concentration). A total of 
six control pools were randomly chosen and sampled before and after two treatment 
intervals of 80 minutes each. All pools were sampled over one interval each of full 
ambient light and complete darkness; half receiving the light interval first (Light -)Dark) 
and half the dark interval first (Dark - Light). The order of treatment was randomly 
assigned. I used clear and opaque Plexiglas lids to manipulate light levels. 106 
DISCUSSION 
Nutrient Dynamics 
The concentration of nitrates, and to a lesser degree phosphates, declined over 
time in all pools without nutrient additions (Figs. 3.1, 3.2). Nitrates were the only 
nutrient that was ever completely depleted in tidepools during low tide. Interestingly, the 
concentration of nutrients in low nutrient pools were not substantially greater than those 
in the ambient pools, while nutrient concentrations were higher, as expected, in the high 
nutrient pools. This suggests that the macroalgae present were able to uptake nutrients at 
the same rate that they were being dispensed in the low treatments, but were outpaced by 
dispenser release rates in the high nutrient treatment. Additionally, the largest differences 
in concentration between ambient and high pools were seen where herbivores had been 
excluded, probably as a result of the negative impact of herbivores on macroalgal 
abundance (Chapter 2). The pattern of nutrient disappearance in wave protected pools 
without herbivores was especially striking; even at the highest level of nutrient addition, 
algae were apparently able to strip the water of all three nutrients at a rate equal to 
dispenser release. 
The methods used to estimate nutrient uptake rates probably underestimated to a 
large degree the true variability among pools because only average release rates were 
used in calculations and variation among replicate dispensers was quite high. However 
rates of nutrient uptake under experimental conditions still provide insight into nutrient 
dynamics. Nutrient uptake in whole tidepools and on a biomass-specific basis was 107 
strongly influenced by the nutrient treatment (Tables 3.3, 3.5), suggesting that algae were 
not nutrient-saturated even though ambient levels of nitrates at the time of the 
measurements were quite high due to strong upwelling (Fig. 3.7). When corrected for 
total algal biomass, uptake rates appear much less affected by herbivory. Further, a 
pattern emerged suggesting that the uptake rates of both nitrates and ammonium were 
maximized at the low nutrient treatment while phosphates were not (Figs. 3.4, 3.5). 108 
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Figure 3.7. Relationship between temperature and nutrient concentrations at Boiler Bay 
during summer 1996. Dates nutrients were sampled from tidepools are indicated at the 
top of the graph. Temperature was recorded with a mercury thermometer at the same 
time that water was sampled from the surf zone near the tidepools. Temperature 
measurements were not replicated but nutrient data are means of three replicate water 
samples (standard error bars are obscured by the points). 109 
Compared to published values of macroalgal uptake rates, the biomass-specific 
rates of uptake were relatively low; between one and two orders of magnitude lower 
depending on the species (Wallentinus 1984, Lobban and Harrison 1997). Although 
these estimates are likely to be conservative due to the time lag between nutrient 
measurements and monitoring of algal cover, they are unlikely to be biased to the degree 
of orders of magnitude. None the less, these published rates may not be terribly relevant 
to my estimates because they were calculated for single species, done in the lab under 
optimized conditions of irradiance, thallus: volume ratios, and water motion, and with the 
primary goal of fitting kinetics equations to calculate maximum uptake rates and 
saturation constants. 
However, it is possible that nutrient uptake rates were depressed even for field 
conditions. Two likely and not mutually exclusive scenarios are: 1) internal nutrient pools 
were relatively high (possibly because of recent upwelling; Fig 3.7), thus uptake rates 
were depressed (e.g., Rosenberg et al. 1984, Fujita 1985b); or 2) rates were depressed 
due to lack of water flow (as cited in the Introduction). As tissue nitrogen content 
increases or water velocity decreases, short term rates of nutrient uptake decline rapidly 
toward zero (e.g., Rosenberg et al. 1984, Hurd et al. 1996). Because data on in situ rates 
of uptake for whole assemblages are virtually non-existent comparative evaluation of 
these data is somewhat problematic. 
The few other studies of tidepools that have considered nutrients are quite limited 
in their treatment of the subject. For example, Ganning and Wulff (1969) studied the 
seasonal patterns of nutrients and community composition in pools influenced by guano 
from nearby bird colonies, but no control pools were monitored. Jensen and Parker­110 
Muller (1994) documented an association between large fluctuations in inorganic nutrient 
concentrations during low tide and community composition in two tidepools sampled on 
multiple consecutive dates. They demonstrated that ammonium concentration 
substantially increased during low tide in a pool dominated by anemones and lacking 
substantial cover of macroalgae (75% cover of Anthopleura elegantissima, < 1 % cover 
of macroalgae), while both ammonium and nitrate + nitrite concentrations declined in a 
pool with substantially more macroalgae and fewer anemones (40 and 25% cover, 
respectively). Using experiments they demonstrated that anemones significantly 
increased ammonium levels in artificial tidepools. The study was limited by its lack of 
replication, however. 
These results are consistent though with idea that changes in concentration of 
nutrients, in natural pools during low tide, is a function of both animal contributions to 
the available nutrient pool via excretion and the uptake of nutrients by algae in the pool. 
However, it is reasonable to assume that animals would only have the potential to 
influence ammonium and phosphate levels since these are known to be excreted by 
animals while nitrates are not. Because herbivores have a significant effect on algal 
abundance in these pools (Chapter 2), and there was a positive relationship between 
nutrient uptake and cover of fleshy macroalgae (Table 3.4), differences in concentration 
between the two herbivore treatments necessarily reflect both animal excretion and algal 
uptake acting simultaneously, not just a difference in herbivore excretion. Thus although 
average ammonium levels were greater in pools with herbivores (Figs. 3.1, 3.2) this can 
not be explicitly attributed to additions from excretion. 111 
There is however indirect evidence that may shed some light on the contribution 
of animals to the available nutrient pools. For example, ammonium was the only nutrient 
to increase in concentration over time in pools where no nutrients had been added (Figs 
3.1, 3.2). In addition, when light was excluded from control pools ammonium was again 
the only nutrient to increase in concentration (Fig. 3.6). This suggest that animals 
contribute to increasing the availability of ammonium in tidepools during low tide. The 
amount of ammonium they contribute and whether or not they contribute to the pool of 
available phosphates remains unclear. 
Metaxas and Scheib ling (1994a) examined changes in nutrient concentrations, 
phytoplankton assemblages, and a suite of additional physical variables in 12 tide pools 
over periods of tidal isolation and found that nitrate + nitrite and micrograzers decreased 
significantly over two periods of tidal isolation. However the pools sampled varied 
greatly in volume (range = 0.05-7.28 m3), period of typical tidal isolation (3 hours 
months), as well as sampling interval (2 to 12 hours). Unfortunately no attempt was 
made to calculate total uptake (standardized with respect to sampling interval and total 
volume) nor were data presented on the abundance of macroscopic benthic organisms, 
making comparisons with my results impossible. 
In another study utilizing the same set of pools where macrobenthic organisms 
and nutrients were examined together, nutrient concentrations did not vary significantly 
among zones (mid, high and splash) on any of the dates sampled but apparently percent 
cover of macroalgae did vary with nutrients in summer and fall (Metaxas and Scheibling 
1994b). However nutrients were only sampled once on each date and it was not clear 
when during the tidal cycle samples were taken (if taken at different points in the tidal 112 
cycle, dates and time during tidal cycle could be confounded). Thus, the samples most 
likely only represent seasonal variation present in the ocean at large and not fluctuations 
in nutrient levels specific to the pools when isolated at low tide. 
I have previously demonstrated that algal growth and productivity in tidepools is 
limited by nutrients in the absence of herbivores (Chapter 2). Here I have demonstrated 
that although uptake of nutrients by seaweeds was increased by nutrient additions, uptake 
did not differ substantially on a biomass-specific basis in response to herbivory. In 
addition the rate of uptake, although substantially increased by nutrient enrichment, was 
still far below that expected for seaweeds in moving waters. Despite the low rates of 
uptake, nitrates were often almost completely depleted from tidepools over a tidal cycle. 
Tidepools in more wave exposed locations, where water flow is greater, are less likely to 
have algal growth limited by nutrients (Chapter 2). These lines of evidence suggest that 
the total volume of water in a tidepool, the amount of time that it is isolated from the 
ocean, and the amount of flow it experiences during high tide, can significantly constrain 
total algal biomass through nutrient limitation. Underwood and Skilleter (1996) in a 
study testing the effect of pool dimensions (using tidepools they drilled into sandstone 
benches allowing them to manipulate size and tidal height independently and with 
appropriate replication), found that the percent cover of foliose macroalgae was 
significantly greater in pools of greater volume. Their result is consistent with the 
nutrient limitation hypothesis. 
The difference in correlation between the rate of total nutrient uptake for fleshy 
versus coralline algae shown here, and the fact that crustose algae in the Underwood and 
Skilleter (1996) study did not increase in response to increases in pool volume, further 113 
suggest that different functional groups (Littler and Littler 1980a, Steneck and Dethier 
1994) will vary in their susceptibility to nutrient limitation. For example, during the 
course of this experiment I observed that when kelps did occur in natural pools at this site 
they were generally in either low, wave exposed pools or in the larger high zone pools. 
During these experiments the only time kelps were present in any wave protected pools 
(natural or created) was where nutrients were added and herbivores reduced. 
Conclusions 
The results of this study, together with other studies of intertidal pools, has shown 
that tidepools can be useful experimental systems to test the predictions of ecological 
theories and models (e.g., van Tamelen 1992, 1996). The creation of artificial pools in 
rock benches effectively controls confounding factors that often plague observational and 
experimental studies in naturally occurring tidepools, and allows for well replicated, 
orthogonal contrasts (e.g., van Tamelen 1992, 1996, Underwood and Skilleter 1996) .  I 
have also demonstrated that the influence of nutrients on the structure of rocky intertidal 
communities, currently a poorly understood process, can be successfully investigated 
using experimental manipulations in these field mesocosms. 
Nutrient fluctuations have rarely been measured in intertidal pools, but in this 
study I have documented that they can fluctuate widely during low tide, and that a 
complete understanding of their influence on community structure depends on calculating 
nutrient fluxes, not just ambient nutrient levels. In synthesizing the results of this and 
other studies, I proposed a testable, mechanistic model whereby nutrient limitation was a 114 
function of pool volume, duration of tidal isolation, water flow during high tide, and 
herbivory. Although many questions remain to be answered, the relationship between 
fleshy algal cover and uptake rates, coupled with the experimental results demonstrating 
nutrient limitation of algal growth, particularly fleshy algae (Chapter 2), leads me to 
conclude that nutrients can influence the relative abundance of algal types in this rocky 
intertidal community. 115 
CHAPTER 4
 
Patterns of Seaweed Diversity and Abundance in Tidepools:
 
Do Functional Groups Clear the View?
 
ABSTRACT 
I examined patterns of diversity and abundance in tidepool algal assemblages in 
the context of gradients of productivity potential and "disturbance" potential proposed in 
a functional group model (Steneck and Dethier 1994). The model proposes that these two 
gradients are the primary structural forces shaping the distribution of algal functional 
forms. Although they only considered herbivory, Steneck and Dethier argued that 
different types of "disturbances," defined broadly as any biomass-removing process, 
would be equivalent and substitutable as a gradient of "disturbance" potential. To test the 
predictive power of the functional group model, productivity potential was combined in 
multiple regression models with gradients of herbivore abundance, degree of scour, and 
maximum wave forces. I also compared the performance of functional-group and 
species-level diversity indices in discerning patterns of diversity along environmental 
gradients to test the hypothesis that functional groups reduce the signal:noise ratio 
inherent in species level data. 
While the relative abundance of each functional forms clearly varied along these 
gradients, patterns of total abundance and diversity often did not match model 
predictions. Further, different gradients in "disturbance" potential did not yield 
comparable patterns. Species richness also far outperformed an index of functional group 
diversity by explaining as much as two times more of the variance in diversity along 116 
environmental gradients. I suggest that although the functional group model performed 
relatively poorly in this assessment it still holds promise as a general approach to 
understanding the distribution and abundance of seaweeds. Most functional groups did 
show some correlation with these environmental gradients. I suggest that modifications 
to the model may improve its predictive power. Suggested remedies include the 
development of improved operational definitions of extrinsic environmental gradients. 
Environmental potentials should measure and set physical limits to biological and 
physiological processes such as photosynthesis and consumption. Measurements should 
be independent of the organisms under consideration. Additionally, biological 
(herbivory) and physical (disturbance) processes should receive separate consideration in 
modeling natural systems. 
INTRODUCTION 
Steneck and Dethier (1994) recently proposed a predictive model for the structure 
of marine algal assemblages. They identified gradients of disturbance and productivity 
"potential" as the major determinants of two important community properties: diversity 
and total biomass (Fig. 4.1). Their general model has the potential to extend our 
understanding of the processes that determine algal assemblages across a wide variety of 
marine communities while also integrating patterns across biogeographic boundaries. 
The functional groups and definitions of environmental gradients they used were 
synthesized from three related conceptual frameworks aimed at understanding ecological 
organization in multi-species assemblages. These frameworks included concepts 117 
originally developed by Grime (1974, 1977) for terrestrial plants, Littler and Littler 
(1980b) on functional groups in marine algae, and Steneck and Watling (1982) on 
functional groups for marine invertebrate herbivores. Steneck and Dethier's model 
differs from several previous models of the factors shaping marine algal assemblages 
(Lubchenco and Cubit 1980, Lubchenco and Gaines 1981, Gaines and Lubchenco 1982), 
in the way that herbivory and physical disturbances are treated. Steneck and Dethier 
propose that all biomass-reducing processes (i.e., herbivory, scour by cobbles, etc.) have 
similar effects on algal morphology and ecological performance. 
A general understanding of the forces shaping plant assemblages that 
encompasses both marine and terrestrial habitats would be a significant advance in our 
understanding of natural communities, and augment our ability to predict changes due to 
either natural or anthropogenic environmental changes (Hay 1994, Duarte et al. 1995, 
Lavoral et al. 1997). One of the primary goals of community ecology is the development 
of a predictive framework for understanding the structure and dynamics of natural 
communities. Both theoretical and empirical ecologists struggle with the search for 
useful generalizations that do not lose sight of important processes that may be highly 
species-specific (e.g., keystone predation). The categorization of species within a 
community, into so-called functional groups (in the broad sense, encompassing trophic 
groups, guilds, etc.), is one method of generalization that has allowed for meaningful 
conversations between theoreticians and empiricists, but not without simultaneously 
creating vexing problems with respect to defusing the limits to specific groupings or 
debate about their usefulness as revealers of important ecological processes. 118 
For example, the categorization of species into predator and prey populations led 
to the development of mathematical models of predator-prey interactions (Lotka 1925, 
Volterra 1926), and subsequent early studies assessing the predictions of those models 
(e.g., Gause 1934, Elton and Nicholson 1942, Utida 1957, Huffaker 1958) Extending 
predator-prey theory to whole communities involved defining multi-species trophic 
groups and building more complex models (Hairston et al. 1960, Oksanen et al. 1981). 
Progression from the simplicity of mathematical or conceptual models, to the 
incorporation of real-world complexity, necessarily resulted in a closer examination of 
model assumptions. Debates were subsequently spawned about many assumptions 
including: the prevalence of omnivory, the validity of assigning species to trophic levels 
when consumers are often omnivorous or switch trophic levels during ontogeny, and 
assuming all species at a particular trophic level were equivalent (e.g., Pimm 1982, 
Persson 1988, Polis 1991, Menge et al. 1995). This interplay between simplicity, 
generality, and reality, which is at the heart of many ecological debates, is also often 
extraordinarily productive, leading to new understanding of complex, natural 
communities (e.g., Connell 1975, Menge and Sutherland 1976, 1987, Arnott and Vanni 
1993). 
The functional group model proposed by Steneck and Dethier (1994) synthesizes 
many ideas in an attempt to achieve both generality and predictive power. Steneck and 
Dethier (1994) emphasized the necessity of distinguishing between extrinsic properties of 
the environment and intrinsic properties of the organisms present under a given set of 
environmental constraints. Thus they defined, and attempted to measure, the two major 
axes in their model as disturbance and productivity "potentials" rather than as disturbance 119 
and productivity per se. Productivity potential is determined by the factors that maximize 
algal biomass production such as light, nutrients, desiccation, etc. However the 
measurement of productivity potential is certainly not straightforward; their approach was 
to measure either dry mass accumulation, or in situ oxygen production, of algae on 
standardized substrata over short time intervals (hours to weeks). Likewise the 
measurement of disturbance potential is problematic; in their model they considered 
herbivores to be the major agents of "disturbance" and formulated a method for 
measuring their potential for impact that incorporates abundance (biomass) and modes of 
feeding. However the "potentials" that they measure are not, strictly speaking, 
independent of the resident community. Algal productivity is dependent on the species 
that recruit to the particular substratum type and may vary between sites. Disturbance 
potential, measured as an index of resident herbivore abundance and feeding mode, is 
also likely to be dynamically and intrinsically linked to their primary resource, the 
resident plant assemblage. 
Many ecologists and ecology textbooks (e.g, Pickett and White 1985, Begon et al. 
1990) have equated the actions of consumers with "disturbances" because consumer 
activities "remove biomass" or "result in the death of organisms," contribute to losses 
only indirectly related to consumption (e.g., weakening structural components of plants) 
and they can appear in episodic outbreaks (e.g., crown of thorns seastar). However, the 
practice of lumping together physical disturbances and the biological process of 
consumption can be problematic. It can obscure more general patterns that result due to 
the differential nature of, and potential interaction between, physical factors and 120 
biological interactions (Menge and Sutherland 1976, 1987, Olson and Lubchenco 1990, 
Menge 1992, Bertness and Callaway 1994, Hacker and Bertness 1996) 
Physical disturbances, for example, do not exhibit selective preferences with 
respect to which species are impacted even though particular species may be more 
susceptible to a given disturbance. Consumers, on the other hand, may have strong 
preferences, and effects, that may be context dependent (Lubchenco 1978, Gaines 1984, 
Schmitt 1987, Pennings et al. 1993). The apparent similarities in response to both of 
these processes can be misleading. Both Sousa (1979) and Lubchenco (1978) found 
virtually identical patterns of species diversity in response to disturbance and herbivory, 
respectively. Although these patterns were similar, Menge and Sutherland (1987) have 
argued that lumping them together obscures a broader pattern; one that is only apparent 
when both physical factors and consumption are modeled together as interacting 
processes. They argued that the relative importance of consumers and physical factors in 
structuring communities would vary along gradients of physical harshness. Recent work 
on the prevalence of positive interactions between organisms under harsh conditions 
likewise supports the contention that these factors need to be considered as separate, 
interactive processes that may dampen or strengthen each of their respective impacts 
(Bertness and Callaway 1994, Bertness and Hacker 1994, Hacker and Bertness 1995, 
1996, Hacker and Gaines 1998). 
In this study, I tested the predictions of the functional group model (hereafter FG 
model; Steneck and Dethier, 1994). I used herbivore potential and two alternative 
gradients of physical disturbance to explore whether or not patterns of diversity and 
biomass responded similarly to consumers and physical disturbance. My analysis used a 121 
combination of experimental and observational data collected during another experiment 
(Chapter 2) that manipulated or quantified the appropriate variables to address the 
following questions: 1) are patterns of algal diversity and biomass in intertidal pools well 
described by the FG model? 2) are physical and biological processes that remove algal 
biomass substitutable gradients in their model? 3) how does the index of functional group 
diversity (number of functional groups) compare with the more traditional species 
richness index (S) as a response variable? 122 
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Figure 4.1. Functional group model redrawn from Steneck and Dethier (1994). A) 
Three-dimensional view of the ranked response of either functional group diversity or 
biomass to environmental gradients. B) A continuous, two dimensional representation of 
Steneck and Dethier's (1994) model for two levels of disturbance potential. 123 
METHODS 
In a prior study (see Chapter 2) I created a set of identical tidepools to test the 
effects of nutrients and herbivory on community structure. A similar experimental 
system was used at this site by van Tamelen (1992, 1996) to examine the role of a 
physical disturbance, scour by cobbles that accumulate in the pools, in this community. 
The pools are located at two extremes of the wave exposure gradient at this site, and 
levels of herbivory and nutrients were experimentally manipulated during the course of 
the study (Chapter 2). The data I collected as response variables, relevant to this analysis, 
were: herbivore biomass, primary productivity, algal abundance (both total biomass and 
the relative abundances of each species), maximum wave forces, and the relative 
abundance of cobbles, gravel and sediment that accumulated in the tidepools. I used data 
collected during the first and second summer of the study and analyzed them separately to 
see if responses to environmental gradients were consistent between years. 
Environmental Gradients and Functional Groups 
The abundance of invertebrate herbivores was reduced in some pools but allowed 
to vary naturally in others creating a gradient in their abundance (biomass). The naturally 
high abundance of herbivores in wave protected pools was reduced, in manipulated pools, 
to levels somewhat below those occurring naturally at wave exposed pools (see Table 2.1, 
Chapter 2). Steneck and Dethier (1994) defined a ranked gradient of herbivore potential 
based on herbivore biomass classes, using observational data of the abundance of 124 
invertebrate herbivores. I defined the gradient of herbivore potential similarly, but 
without ranking classes, using instead the observed biomass of invertebrate herbivores in 
each pool as a quantitative gradient of herbivore potential (see Chapter 2, methods for 
details regarding biomass calculations). The range in herbivore biomass represented in 
this study (0-163.1 grams dry weight) overlaps the three ranked classes for temperate 
areas (Low = < 10 g (dry)/m2; Mid = 10-100 g (dry)/m2; High = >100 g (dry)/m2) in 
Steneck and Dethier (1994). For example, in the two temperate areas they used to 
develop their model, the range of herbivore biomass (in grams dry weight) for each class 
in Washington and Maine, respectively, were: 1) Low = 0-11 and 0-1.2; 2) Mid ----- 40.5­
76.8 and 10.4  56.9; and 3) High = 2344 and 189.2-229.4. Furthermore, because the 
abundance of herbivores was reduced as a result of experimental manipulations, the 
gradient generated here is more independent of intrinsic community properties than the 
naturally occurring gradients examined by Steneck and Dethier (1994). 
I defined scour potential as the total percent cover of small cobbles, gravel and 
sediment in the pools during the summer census. Scouring by cobbles has been 
experimentally demonstrated to reduce algal abundance and create sharp zonation 
patterns within tidepools at this site (van Tamelen 1992,  1996), while burial and scour by 
sand and sediment has been demonstrated to have similarly negative impacts on algal 
abundance (Littler et al. 1983, D'Antonio 1986, Trowbridge 1996). Scour potential was 
correlated within years (between spring and summer censuses), but not between years, so 
pools with a high scour potential one year were not necessarily the same pools as the next 
year. Because the technique used to  manipulate herbivore abundances in these pools 
included partial and complete mesh lids, sediment and gravel were present in both 125 
herbivore exclusion and control pools while small cobbles were only present in pools 
with partial lids or no lids. Large cobbles were not common because the relatively small 
openings in the partial lids excluded them. 
Wave force potential was defined as the average maximum wave force measured 
using maximum wave force dynamometers. Wave forces have been shown to limit algal 
size in wave swept environments and thus are likely to constrain both total algal biomass 
and morphology (Blanchette 1994, 1997, Gaylord et al. 1994, Denny 1995). Maximum 
wave forces were measured for 5 out of 6 blocks of pools (as described in Chapter 2) at 
each site. Pools within each block were classified as experiencing the wave force 
potential of their respective block. The sites studied here are not exposed headlands but 
range from very protected to intermediate in wave exposure relative to other well-studied 
sites along the Oregon coast (e.g., Menge 1992). Dynamometer measurements were not 
made in the same year that data were collected but it is unlikely that rank differences in 
wave force between locations would have changed over time. 
Productivity potential was calculated for each level of nutrient treatment (ambient, 
low, and high) within each wave exposure, in herbivore exclusion pools. Productivity 
was calculated by measuring oxygen evolution in tidepools each summer (methods are 
described in Chapter 2). The average productivity of each nutrient treatment was 
assigned to pools at each of the three different nutrient levels. This method differs from 
that of Steneck and Dethier (1994) in that it measures the productivity of algae that have 
been allowed to grow in pools from the time they were created, approximately one and 
two years prior, respectively, for each year considered here. Steneck and Dethier (1994) 
measured productivity as the accumulation of dry mass or oxygen production on substrata 126 
that were cleared or replaced at relatively short time intervals (days to months) under 
"herbviore-free" conditions in the field. The method used in my study is a somewhat 
more independent assessment of the productivity potential gradient, than the observation-
based values used in Steneck and Dethier (1994), because productivity potentials were 
experimentally manipulated via addition of nutrients (see Chapter 2, Fig.2.13, Table 2.5 ), 
one of several extrinsic environmental factors that can limit algal productivity. 
The range in productivity potential represented in this study is difficult to 
compare with Steneck and Dethier (1994) because of the nutrient additions and the 
different methods used to measure productivity, but probably covers a roughly 
comparable range. Productivity measurements are notoriously difficult to compare across 
methods (Lobban and Harrison 1997), and even within the Steneck and Dethier (1994) 
study methodologies differ between sites.  For example, the range of algal biomass that 
accumulated in the tidepools in this study, over the approximately one-year period since 
the pools were created, ranged from 88.2 - 533.7 (grams ash-free dry weight/m2). 
Steneck and Dethier (1994) estimated algal biomass production to range from 0  152.3 
grams dry weight/m2/year in Maine (calculated from repeated monthly samples over a 
year), while in Washington it ranged from 7.2 - 464 grams dry weight/m2/month 
(calculated from a single two-week period in August). 
Functional groups were assigned to species based on the scheme outlined in detail 
in Steneck and Dethier (1994). The groups are based on a combination of morphological 
complexity (e.g., degree of cortication or thallus thickness) and physiological 
performance (e.g., mass-specific productivity). The species assigned to each functional 
group are listed in Table 4.1. 127 
Table 4.1. Algal functional groups. Species assigned to the functional group scheme 
outlined in detail in Steneck and Dethier (1994). 
Algal Functional
 
Group
 
Microalgae 
Uniseriate Filamentous 
Algae 
Polysiphonous/ 
Thinly Corticated 
Branched Algae 
Foliose Algae 
Corticated Foliose Algae 
Corticated Branched 
Algae 
Species 
Summer 1995  Summer 1996 
Cyanobacteria  Cyanobacteria 
Isthmia nervosa  Isthmia nervosa 
Navicula sp. 
Cladophora columbiana  Cladophora columbiana 
Ceramium sp.  Ceramium sp. 
Microcladia borealis  Microcladia borealis 
Polysiphonia hendryi  Polysiphonia hendryi 
Callithamnion pikeanum 
Enteromorpha sp. 
Halosaccion glandiforme  Halosaccion glandiforme 
Petalonia fascia  Petalonia fascia 
Scytosiphon lomentaria 
Ulva californica.  Ulva californica. 
Cryptopleura sp.  Cryptopleura sp. 
Dilsea californica  Dilsea californica 
Mazzaella (=Iridaea) splendens  Mazzaella (=Iridaea) splendens 
Mastocarpus papillatus  Mastocarpus papillatus 
Prionitis lanceolata  Prionitis lanceolata 
Schizymenia pacifica  Schizymenia pacifica 
Cryptosiphonia woodii  Cryptosiphonia woodii 
Neorhodomela larix  Neorhodomela larix 
Odonthalia floccosa  Odonthalia floccosa 
Osmundea (=Laurencia) spectabilis  Osmundea (=Laurencia) 
spectabilis 
Chondracanthus (=Gigartina) 
exasperata 
Cumagloia andersonii 
Ptilota filicina 128 
Table 4.1 Continued 
Leathery Algae 
Articulated Calcareous 
Algae 
Crustose Algae 
Hedophyllum sessile 
Laminaria setchellii 
Nereocystis luetkeana 
Bossiella plumosa 
Calliarthron tuberculosum 
Corallina vancouveriensis 
Anal:Pus japonicus "crust" 
Leathesia chtformis 
Ralfsia californica 
Ralfsia fungiformis 
Ralfsia pacifica 
Rhodophysema elegans 
Coralline crusts including: 
Pseudolithophyllum sp., 
Lithothamnion phymatodeum, 
Lithophyllum impressum and 
crustose bases of Corallina, Bossiella 
and Calliarthron 
Hedophyllum sessile 
Laminaria setchellii 
Bossiella plumosa 
Calliarthron tuberculosum 
Corallina vancouveriensis 
Anahpus japonicus "crust" 
Leathesia dyformis 
Ralfsia californica 
Ralfsia fungiformis 
Ralfsia pacifica 
Rhodophysema elegans 
Coralline crusts including: 
Pseudolithophyllum sp., 
Lithothamnion phymatodeum, 
Lithophyllum impressum and 
crustose bases of Corallina, 
Bossiella and Calliarthron 
Testing FG Model Predictions 
The FG model predicts that algal biomass and functional group diversity both 
increase, linearly and without interaction, as rank productivity potential increases and 
rank disturbance potential decreases (Fig. 4.1a). I assumed that quantitative gradients 
could be substituted without a qualitative change in model predictions (Fig. 4.1b). Using 
quantitative gradients, the FG model can be easily and directly tested using multiple 
linear regression (MLR) techniques. When productivity potential and disturbance 
potentials are included as terms in a MLR model, with either algal biomass or FG 
diversity as the response, they should be significant explanatory variables, with no 129 
significant interaction between them. I first tested the full MLR model including 
interaction terms. If the interaction term was not significant it was dropped from the 
model. In addition, the sign of the coefficients for each explanatory variable should 
match FG model predictions: positive for productivity potential and negative for 
disturbance potential. Log transformations of response variables were used to control 
heteroscedasticity. 
To test if the different biomass-reducing processes had equivalent effects I 
substituted scour and wave force potential for herbivore potential in the model. Because 
the same response variables were used repeatedly, I only report effects as statistically 
significant for p-values < 0.017 (Bonferroni adjustment for the three different models 
tested: 0.05/3 = 0.017). I also tested the effects of the FG model gradients described 
above on one of the more traditional measures of diversity, species richness (S). Steneck 
and Dethier (1994) argued that using functional groups should dampen the noise created 
by the fluctuating abundances of individual species because the relative abundance of 
functional groups remains more constant over time and space. It is unclear, however, 
whether patterns of diversity are more clearly expressed at the species or functional group 
level. To address this issue I compared the amount of variation explained in models 
(with the same number of parameters) using FG diversity and species richness. 130 
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Figure 4.2. Abundance of functional groups along gradients of environmental 
productivity and disturbance potential (redrawn from Steneck and Dethier, 1994). 
The FG group model predicts that functional groups will be sequentially added 
along these environmental gradients (Fig. 4.2). I investigated the response of each 
functional group to productivity, herbivore, scour and wave force potentials using scatter 
plots and simple linear regressions to describe trends when possible. Crustose algae are 
not predicted to change in abundance across any of the gradients. I made some 131 
qualitative predictions, based on the FG model, of the expected trends in abundance for 
other groups along the gradients of productivity, herbivore, wave force, and scour 
potential. As productivity potential increases abundance should increase, assuming a 
boundary between ranks has been crossed (Fig. 4.2); the shape of the response is not 
described. Similarly, abundances should decrease with increasing herbivore, scour and 
wave force potentials. A Bonferroni adjusted critical p-value (0.0125) was used to 
evaluate statistical significance because of the multiple comparisons over four different 
gradients.  Heteroscedasticity was controlled, in many but not all cases, by using the 
transformation In (y +1). In many cases linear regression techniques could not adequately 
describe the relationships and only a visual interpretation of the pattern is given (see 
results and discussion for details). 
RESULTS 
Algal Biomass and Diversity 
During the first year of the study, productivity potential appeared to have a small 
positive influence on algal biomass while herbivore biomass greater than 30 g dry 
weight/tidepool coincided with reduced algal biomass (Fig. 4.3). However, the influence 
of productivity potential was context dependent, varying with the abundance of 
herbivores (Table 4.2, prod x herb interaction, p = 0.009). Increasing herbivore potential 
reduced the positive effects of productivity on algal biomass to a small degree (Table 4.2, 
prod x herb interaction term = -0.69 + 0.26 SE), but the model, including the interaction 132 
term, only explained 17.2% of the variation. An interaction between herbivore and 
productivity potential is not consistent with predictions of the FG model. These two 
gradients were not important predictors of algal biomass in the second year (Fig. 4.3; 
Table 4.2, p = 0.052). When scour or wave force potentials were substituted for 
herbivore potential as explanatory variables neither one improved the predictive power of 
the model in either year (Fig. 4.3, Table 4.2). Although productivity and wave potential 
produced a statistically significant model in the second year it only explained 15% of the 
variation. 
Productivity and herbivore potentials performed better as predictors of functional 
group diversity than of total biomass (Table 4.3, summer 1995, p < 0.0001, R2 = 0.497; 
summer 1996, p < 0.0001, R2 = 0.257; cf. Table 4.2). In both years productivity had a 
positive relationship with diversity (Fig. 4.4) but in the first year the effect was reduced 
by herbivores (Table 4.3, summer 1995, prod x herb, p = 0.001, prod, p = 0.006; summer 
1996, prod p = 0.004). In the following year, qualitative predictions of the FG model 
were supported; both productivity and herbivore potential were significant, and 
independent, descriptors of functional group diversity patterns (Fig. 4.4; Table 4.3, 
summer 1996, prod, p = 0.004, herb, p = 0.011). However, herbivore potential was 
associated with only a very small effect on FG diversity relative to productivity potential 
(Table 4.3, summer 1996, herb term = -0.002 + 0.001 SE, prod term = 6.82 + 2.32 SE). 
Additionally, 48% less variation was explained by the model in the second year vs. the 
first year (25.7% and 49.7% respectively). 
Both scour and wave force potential could be substituted for herbivore potential in 
the model but not without reducing the amount of variation explained, particularly in the 133 
first year (Table 4.3, summer 1995, R2 = 0.497 with herb vs. 0.198 and 0.217 for scour 
and wave, respectively). In the second year substitutions did not substantially reduce the 
amount of variance explained (Table 4.3, summer 1996, R2 = 0.257 for herb vs. 0.252 and 
0.198 for scour and wave, respectively). However, the relationships between these 
alternate disturbance potentials and functional group diversity were never very strong (see 
parameter estimates in Table 4.3), and except for scour potential in the second year, were 
not statistically significant after accounting for the relationship with productivity 
potential (Table 4.3). In the second year, after accounting for productivity, scourhad a 
very small, positive effect on functional group diversity (Table 4.3, scour term = 0.010 ± 
0.004 SE). Thus in contrast to model predictions, although both herbivore and scour 
potential were associated with significant effects on functional group diversity during the 
second year, those effects were not equivalent. Herbivore potential had a negative 
association, and scour potential a positive association, with functional group diversity. 134 
Figure 4.3. Distribution of algal biomass along four environmental gradients. Biomass 
is given in grams ash-free dry weight per tidepool (0.16 m2 surface area). Methods for 
quantifying each gradient of environmental potential are described in the text. The units 
for each gradient are: productivity potential (mg 02/cm2/min), herbivore potential (grams 
dry weight), scour potential (percent cover of gravel, sediment &cobbles); wave force 
potential (newtons). Note that the scale for productivity potential changes between years. 135 
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Table 4.2. Algal biomass as a function of environmental potential. Data are analyzed 
separately for each year. Productivity potential (prod) is included in all models while 
scour and wave force potentials (scour and wave, respectively) are substituted for 
herbivore potential (herb) as alternate disturbances. Statistical significance was 
determined by the Bonferroni adjusted p-value of 0.017 to control for multiple 
comparisons and are indicated in bold face. Data were In transformed prior to analysis to 
control for heteroscedasticity. 
Model Terms  Parameter  SE  P  F  P  R2  N 
Estimates 
Summer 1995 
Intercept  2.67  0.39  <0.0001  5.56  0.002  0.172  84 
Prod  37.88  14.89  0.013 
Herb  0.01  0.01  0.027 
Prod x Herb  -0.69  0.26  0.009 
Intercept  3.08  0.29  <0.0001  2.53  0.086  0.059  84 
Prod  19.75  11.21  0.082 
Scour  -0.01  0.01  0.231 
Prod x Scour  NS 
Intercept  6.26  1.03  <0.0001  3.45  0.022  0.136  70 
Prod  -102.72  39.55  0.012 
Wave  -0.20  0.07  0.003 
Prod x Wave  7.43  2.44  0.003 
Summer 1996 
Intercept  4.42  0.13  <0.0001  3.07  0.052  0.071  83 
Prod  -4.95  2.71  0.072 
Herb  -0.002  0.00  0.022 
Prod x Herb  NS 
Intercept  4.16  0.130  <0.0001  0.83  0.441  .020  83 
Prod  -0.74  2.764  0.791 
Scour  0.00  0.00  0.319 
Prod x Scour  NS 
Intercept  6.17  0.73  <0.0001  3.84  0.014  0.15  69 
Prod  -38.72  15.71  0.016 
Wave  -0.15  0.05  0.006 
Prod x Wave  2.73  1.04  0.011 137 
Figure 4.4. Functional group diversity along four environmental gradients. Species 
included in each functional group, for each year, are listed in Table 4.1. Functional group 
diversity is expressed as the number of functional groups per tidepool. Data were jittered 
by adding small random numbers to each value to separate overlapping points.  Details as 
in Fig. 4.3. 138 
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Table 4.3. Functional group diversity as a function environmental potential. Details as 
in Table 4.2. 
Model Terms  Parameter  SE  P  F  P  R2  N 
Estimates 
Summer 1995 
Intercept  1.06  0.26  0.0001  26.35  <0.0001  0.497  84 
Prod  28.09  9.96  0.006 
Herb  0.01  0.00  0.021 
Prod x Herb  -0.63  0.17  0.001 
Intercept  0.97  0.20  <0.0001  9.87  0.0001  0.198  83 
Prod  27.39  7.49  0.001 
Scour  -0.01  0.00  0.061 
Prod x Scour  NS 
Intercept  0.93  0.21  <0.0001  9.15  0.0003  0.217  69 
Prod  19.05  9.27  0.044 
Wave  0.01  0.01  0.034 
Prod x Wave  NS 
Summer 1996 
Intercept  1.45  0.11  <0.0001  14.04  <0.0001  0.257  84 
Prod  6.82  2.32  0.004 
Herb  -0.002  0.001  0.011 
Prod x Herb  NS 
Intercept  1.11  0.11  <0.0001  13.67  <0.0001  0.252  84 
Prod  12.25  2.34  <0.0001 
Scour  0.010  0.004  0.014 
Prod x Scour  NS 
Intercept  1.27  0.11  <0.0001  8.29  0.001  0.198  70 
Prod  12.91  4.47  0.005 
Wave  -0.01  0.01  0.414 
Prod x Wave  NS 140 
Table 4.4. Comparison of functional group and species richness diversity indices. 
Percent of variance explained in multiple linear regression models using two different 
diversity indices as response variables: 1) functional group diversity (number of 
functional groups (see Steneck and Dethier, 1994; Table 4.1 for details); 2) species 
richness (number of species). All models include productivity potential as one of the 
explanatory variables and one of the three disturbance gradients (herbivore, scour, or 
wave force potential). Interaction terms were only included if the p-value for the 
coefficient was statistically significant. All models have p-values < 0.0003, indicating at 
least one of the terms included is an important explanatory variable. See text for 
additional details regarding regression models. 
Disturbance  R2  le 
Potential  Functional 
Productivity 
Potential 
(Herb, Scour, 
or Waves) 
Interaction 
Term  Year 
Group 
Diversity 
Species 
Richness 
Prod  Herb  Yes  First  0.497  0.693 
Prod  Scour  No  First  0.217  0.446 
Prod  Wave  No  First  0.198  0.336 
Prod  Herb  No  Second  0.257  0.446 
Prod  Scour  No  Second  0.198  0.393 
Prod  Wave  No  Second  0.252  0.452 141 
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Figure 4.5. Functional group diversity as a function of species richness for each year of 
the study. Data were jittered as in Fig. 4.4. Dotted reference line indicates the 
mathematical constraints imposed on relationship between the two variables: 1) minimum 
number of species possible per functional group always equalsl; 2) maximum number of 
functional groups possible as defined by grouping scheme (here = 9 but could vary). 
Second order regression was calculated using non-jittered data. 
Substituting species richness for functional group diversity in the three models 
considered above did not qualitatively change any of the results in any case (results not 
shown ), but did result in increasing the amount of variance explained by these models by 
an average of 78% (Table 4.4). Thus although species diversity patterns were accurately 
reflected in the functional group diversity response, there was no increase in explanatory 
power, or the amount of variation explained, when species were organized into functional 
groups. This is likely a result of the simple mathematical constraints imposed on the 
relationship between functional group diversity and species diversity (Fig. 4.5). If a 
given forcing factor increases species diversity but does not increase functional group 142 
diversity then information regar ling the relationship is lost when species are lumped into 
groups. 
Functional Groups: Patterns of Abundance Along Environmental Gradients 
With two exceptions, most functional groups showed either no trend or a positive 
relationship to productivity potential that did not change between years (Figs 4.6-4.14 top 
panels). Crustose algae (primarily calcified forms) and to a smaller degree articulated 
calcified algae, were both negatively associated with productivity potential during the 
second year of the study (Figs 4.13, 4.14, top panels), counter to predictions of the FG 
model (Fig 4.2). Corticated seaweeds showed the strongest relationships with 
productivity potential, especially during the second year of the study (Figs. 4.8, 4.10, 
4.11; R2 = 0.27, 0.29, 0.48, for corticated: polysiphonous, foliose and branched algae, 
respectively, during summer 1996) 
Along the gradient of herbivore potential, most functional groups exhibited a 
strong negative relationship, again with two exceptions, crustose algae and articulated 
coralline algae (Figs 4.6-4.14, second row panels). The shape of the response for several 
groups suggested a threshold between a region of coexistence with low levels of 
herbivore potential and one with no viable strategy for persistence (4.6, 4.9-4.12, second 
row panel). Articulated coralline algae appeared to persist even at the highest levels of 
herbivore potential both years (Fig. 4.13). Furthermore they persisted much further along 
the herbivore potential gradient than any of the corticated forms, contrary to predicted 143 
patterns of abundance (cf. Figs. 4.2, 4.6, 4.9-4.13). In contrast, crustose algae, although 
showing no trend during the first year, had a strong positive relationship with herbivore 
potential during the second year (Fig. 4.14, p <0.0001, R2 = 0.30). However, when 
patterns for calcified and fleshy crusts were considered separately, it became apparent 
that the abundance of fleshy crusts was substantially reduced in the second summer, 
while calcified crusts responded positively to increasing herbivore potential (Fig. 4.14). 
Scouring by gravel, sediment and cobbles appeared to have either no effect or a 
small, but not statistically significant, negative effect on non-calcified, upright forms with 
the exception of foliose algae (Figs 4.6-4.14). Surprisingly, although foliose algae 
showed no apparent response to scour during the first year (but higher abundances 
appeared somewhat more likely at low levels of scour potential), there was a significant 
positive relationship with scour during the second year (Fig. 4.9, p < 0.0001, R2 = 0.19). 
Scour was not predicted by the FG model to be associated with increased abundances of 
any functional group. 
Contrary to expectations, wave forces appeared to have positive associations with 
the abundance of several functional groups (i.e., polysiphonous, corticated foliose, 
corticated branched and possibly leathery forms: Figs. 4.8, 4.10-4.12). Articulated 
calcified algae showed no trend with wave forces, while crustose, and possibly foliose 
algae, had a negative trend along the gradient (Figs. 4.9, 4.13, 4.14). Although crustose 
algae as a group displayed a negative trend with respect to increasing wave forces (p = 
0.0001), it was manifested mostly among calcified crusts (Fig.4.14). 144 
Figure 4.6. Distribution of microalgae along four environmental gradients. Species 
included in each functional group, for each year, are listed in Table 4.1. Regression lines 
are shown only when significant (p-value < 0.0125; Bonferroni adjustment made for 
multiple comparisons). All statistics were done after transforming the data to log (y + 1). 145 
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Figure 4.7. Distribution of filamentous algae along four environmental gradients. Details 
as in Fig 4.6. 147 
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Figure 4.8. Distribution of polysiphonous or thinly corticated algae along four 
environmental gradients. Details as in Fig 4.6. 149 
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Figure 4.9. Distribution of foliose algae along four environmental gradients. Details as 
in Fig 4.6. 151 
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Figure 4.10. Distribution of corticated foliose along four environmental gradients. 
Details as in Fig 4.6. 153 
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Figure 4.11. Distribution of corticated branched algae along four environmental 
gradients. Details as in Fig 4.6. 155 
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Figure 4.12. Distribution of leathery algae along four environmental gradients. Details 
as in Fig 4.6. 157 
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Figure 4.13. Distribution of articulated calcareous algae along four environmental 
gradients. Details as in Fig 4.6. 159 
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Figure 4.14. Distribution of crustose algae along four environmental gradients. 
Calcified and fleshy forms are plotted separately. Statistics are based on the whole group 
(sum of coralline and fleshy abundances). Details as in Fig 4.6. 161 
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DISCUSSION 
Patterns of algal diversity and abundance 
The prediction that productivity potential and herbivore disturbance potential 
should have independent effects on both algal biomass and functional group diversity 
were not well substantiated by this study. During the first year, herbivore potential 
reduced the effect of productivity on both algal diversity and total biomass (Tables 4.2, 
4.3) By the second year, neither environmental gradient had a significant impact on total 
biomass, but predictions for algal diversity were in agreement with model predictions 
(Tables 4.2, 4.3). The total abundance of algae in tidepools may have been constrained 
by physical factors associated with the relatively small volume of the pools studied (e.g., 
lack of water motion; see Chapter 3). Algal abundance patterns may also have been 
strongly influenced by herbivore preferences for non-calcified algae. The impact of 
herbivores on total algal abundance could have been substantially dampened through the 
combined effects of consumer preferences and prey defenses (Leibold 1989, Leibold and 
Wilbur 1992). Because calcified algae could persist in the presence of herbivores, total 
algal biomass was not reduced to the extent it might have been had calcified algae not 
been present. 
Steneck and Dethier (1994) argued that feedback mechanisms between algae and 
herbivores generally reinforce the patterns described by their model. In one example they 
discuss, the interaction between parrotfishes and algae results in the absence of larger 163 
leathery forms when parrot fish are abundant, but is compensated for by the increased 
mass-specific productivity of turf-forming (filamentous) algae. Thus the feed-back 
between biomass-specific productivity and grazing in this case, is what generates a 
gradual shift in the relative abundance of different forms toward the right as depicted in 
Fig 4.2. However this may not be a universally feature of algal assemblages.  Transitions 
along the gradient of herbivore potential in my study resulted in sharp transition zones for 
most non-calcified forms. Additionally, in another study in this system (Chapter2), there 
was no evidence of a shift in mass-specific productivity in the presence of herbivores, or 
with the addition of nutrients. In wave-protected areas, contrary to the above example 
where grazing stimulated an increase in biomasss-specific productivity, there was a trend 
toward decreased biomass-specific productivity in the presence of herbivores  (Fig.2.10, 
Table 2.6, Chapter 2). The results of this study strongly suggest that, at least for algal 
biomass patterns, the extrinsic and additive nature proposed to characterize the gradient 
of herbivore potential is problematic at best. Herbivory not only interacts with 
productivity, that interaction is not consistent among systems. 
Although feedback between herbivores and algae did not result in reinforcing the 
patterns predicted for algal biomass, there is some evidence to suggest this may have 
been the case with respect to patterns of algal diversity. The effect of herbivore potential 
on algal diversity was not independent of productivity potential during the first year of 
the study (Table 4.3, prod x herb interaction term, p = 0.001), but both factors were 
independently associated with algal diversity during the second year (Table 4.3, prod x 
herb interaction term not significant, prod, p = 0.004, herb, p = 0.011). This transition 
may have resulted from the change in structural complexity of the surfaces over which 164 
herbivores forage. The topography of the pool may have been substantially altered over 
time due to the large increase in abundance of articulated coralline algae (Fig. 4.13 cf. 
1995, 1996). 
This increase in abundance and height of articulated coralline algae between the 
first and second year of the study may have facilitated an increase in algal diversity in the 
presence of herbivores by inhibiting their foraging activities. Thus articulated coralline 
algae may have provided refuges for those seaweeds most preferred by, or vulnerable to, 
consumers. It has been well documented that dense algal stands can inhibit the activities 
of herbivores (Lubchenco and Gaines 1981, Underwood and Jernakoff 1981). For 
example, this mechanism is also conceptually analogous to the one proposed by Hay 
(1986) for the maintenance of algal diversity in the presence of herbivorous fishes. Hay 
suggests that microsites of lowered herbivory are created where unpalatable species 
occur, allowing the persistence of more palatable species in the presence of herbivores, 
and ultimately augmenting species richness within the community. Additionally, at 
another Oregon intertidal site, Farrell (1991) experimentally documented facilitation of 
algal recruitment when limpet foraging was reduced by the presence of barnacles. Thus it 
seems plausible that the negative impact of herbivores on algal diversity could have been 
qualitatively changed once articulated coralline algae became abundant. 
Even though feedback between herbivores and seaweeds may in some cases 
contribute to reinforcing the patterns documented by Steneck and Dethier (1994), there is 
an element of circularity to this argument.  Stating on the one hand that intrinsic feedback 
mechanisms exist between herbivores and the structure of algal assemblages, seems 
confounded by the argument that a gradient of herbivore potential is an extrinsic property 165 
of the environment that can be measured and used as a forcing function to model the 
system. Thus, although the present study joins many others in supporting the contention 
that herbivory is an important and ubiquitous process in structuring algal assemblages 
(reviewed in Lubchenco and Gaines 1981, Hawkins and Hartnoll 1983), successful 
modeling of herbivory as a factor that is independent of the dynamics of its resources 
seems unlikely. 
Patterns of diversity along environmental gradients were more powerfully 
expressed by species richness than by functional group diversity. A recent study (Phillips 
et al. 1997) comparing the performance of two diversity indices (Margalef s index (D) 
and the Berger-Parker index, Magurran 1988) using both species and functional groups 
concluded that although both approaches revealed similar trends, the functional group 
approach was less powerful and resulted in considerable loss of information. A simple 
consideration of the mathematical constraints imposed on the relationship between 
species diversity and functional group diversity (Fig. 4.5) suggests that although FG 
diversity certainly reflects species diversity patterns, it can not capture the full extent of 
variation in the number of species along environmental gradients. As Huston (1994) has 
argued, there may be different patterns of diversity in response to environmental 
gradients for species and functional groups (Huston 1994, cf his Figs. 4.6 and 5.12). 166 
Comparing Physical and Biological Processes 
Although they only examined herbivore potential, Steneck and Dethier (1994) 
proposed that other gradients of disturbance should be equally substitutable. My study 
suggests that not all effects of disturbances (defined broadly) are equivalent. For 
example, although there was no evidence that scour potential negatively impacted total 
algal biomass in either year, it did have a significant, and positive, association with algal 
diversity, even after accounting for productivity potential (Table 4.3, p = 0.014). That 
response was most likely due to the striking reversal in response of foliose algae to scour 
potential between the first and second year of this study (Fig 4.9). During the spring of 
the first year of the study a considerable amount of bare space was availablefor 
colonization since the pools had only been recently formed, and scour potential was not 
related to the availability of bare space (Fig.4.15). However, during the following spring 
bare space was less available, but positively associated with increasing scour potential 
(Fig 4.15). In addition, there was no evidence to suggest that the abundance of herbivores 
was related to the gradient in scour potential (regression of herbivore biomass as a 
function of scour potential, p = 0.7740). Taken together these lines of evidence suggest 
that, as in Sousa (1979), moderate levels of physical disturbance result in increased 
diversity both at the species and functional group level. 167 
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Figure 4.15. Bare space as a function of scour potential in Spring 1995 and 1996. 
Tidepools where there was no gravel, sediment or cobbles were excluded. There was no 
relationship between scour and bare space in spring 1995 (p = 0.2488) while in spring 
1996 the relationship explained 43% of the variation among pools with some scour 
potential (p <0.0001). When the point on the far right is excluded from the regression the 
relation ship is still significant (p= 0.0152) with only very minor changes in the parameter 
estimates. 
Wave exposure was also considered in this study, as it is an environmental factor 
that can limit algal size and form (Blanchette 1994, 1997 Gaylord et al. 1994, Denny 
1995). The results presented here suggest that wave exposure per se was not a very 
important descriptor of either algal diversity or biomass (Figs. 4.3, 4.4) Most functional 
groups showed either no trend or a slight positive association with wave exposure. 
Phillips et al. (1997) also concluded that wave exposure did not have a significant 
relationship with functional group or species diversity when they tested the FG model by 
examining patterns in algal abundance and diversity in kelp forests in Australia. Their 168 
gradient of disturbance ran along of a series of limestone reefs extending from very 
exposed offshore reefs to more protected inshore reefs. 
The range of wave forces explored in this study may not have been sufficiently 
broad to have had a measurable impact, as no highly-exposed headlands were included. 
However, because wave exposure and water flow rates are also positively associated with 
increased algal productivity, through mechanisms that increase both nutrient delivery 
rates and light use efficiency(Wheeler 1980, Leigh et al. 1987, Carpenter et al. 1991, 
Wing and Patterson 1993, Hurd et al. 1996), the balance between these opposing factors 
may have been tipped in favor of increasing productivity rather than limiting biomass or 
form. This could have been a potentially confounding factor in the Phillips et al (1997) 
study as well. 
Productivity potential was manipulated independently of wave exposure via 
nutrient additions, and at least during the first year of the study, the average productivity 
potential of the highest level of nutrient additions in wave protected pools was increased 
up to the same levels observed in unmanipulated, wave exposed pools (0.029 +0.006 SE 
(mg 02/cm2/min) and 0.028 +0.004 SE (mg 02/cm2/min), respectively). During the 
second year of the study, productivity levels of wave exposed pools were almost double 
what they had been the previous year, while wave protected pools stayed at similar levels 
(Fig. 2.8, Chapter 2). This demonstrates one of the potential problems associated with 
measuring productivity potential using the resident assemblage of plants, as it is not a 
truly independent and extrinsic assessment of environmental potential. It captures only 
the realized productivity of a particular assemblage at a given point in its growth cycle, 
not the potential productivity set by the physical limits of the environment. 169 
Future directions 
Many of the results of this study suggest that the functional group approach to 
modeling algal assemblages was at best only partially successful. Nonetheless, the 
functional group approach may still be useful when trying to understand the distribution 
and abundance of organisms relative to environmental gradients. A major caveat is that 
environmental gradients must be assessed in a manner that is truly independent from the 
organisms in the habitat under consideration. Additionally, the impact ofbiological 
processes cannot be considered independent of other organisms in the community 
because of the prevalence of indirect effects and feedback loops that can be either 
negative or positive. 
At larger spatial scales there is some evidence of support for the FG model. 
Bustamante et al. (1995b) examined patterns in the distribution of algal functional forms, 
potential productivity and nutrient concentrations around the coastline of South Africa 
(over 2500 km) and found that the distribution and abundance of functional forms did 
match the predictions of Steneck and Dethier's (1994) model. However, as in my study, 
overall macroalgal standing stock did not reflect the productivity gradient (defined by 
nutrient availability which was correlated with upwelling dynamics). Additionally, 
invertebrate herbivore biomass was positively correlated with the productivity gradient. 
Gaines and Lubchenco (1982) examined biogeographic patterns of in the 
abundance of seaweeds and used a functional grouping scheme that, in contrast to that 
proposed in the FG model, separated the crustose group into calcified and fleshy forms. 
Using this approach they suggested hypotheses about the causal factors underlying 170 
patterns of species diversity and the distribution of functional forms on large spatial 
scales. Some of these patterns match the patterns observed by Steneck and Dethier 
(1994), such as the prevalence of crusts and turfs relative to kelps in tropical (low 
productivity potential, high herbivore potential) vs. temperate areas (high productivity 
potential, low herbivore potential). However, by separating physical (disturbance) and 
biological (grazing) processes, Gaines and Lubchenco (1982) were able to suggest 
plausible mechanistic hypotheses, involving the interaction of these factors, to explain 
contrasting diversity patterns between the east and west coasts of north America. 
Successful application of a functional group approach may ultimately depend on 
developing truly independent measures of environmental gradients. For example, recent 
research trying to decipher latitudinal gradients in terrestrial species diversity using 
potential evapotranspiration demonstrated a striking correlation with the diversity of 
birds, mammals, reptiles and amphibians (Currie 1991).  In contrast, the species richness 
of trees was more tightly correlated with actual evapotranspiration (Currie 1991). Actual 
evapotranspiration measures the actual amount of water that is evaporated from an area 
and as such represents the joint availability of solar energy and water, two environmental 
factors that can directly set upper limits to plant growth. An analogous, integrated 
measure of the physical factors that set upper limits to algal productivity in the marine 
environment (an index combining wave energy, solar energy and upwelling, as an 
example) might have equally powerful explanatory power. 
Recent advances in our understanding of the relationships between physical 
factors in high energy aquatic environments and the productivity and survivorship of both 
plants and animals suggest that we can develop better models ofcommunity structure that 171 
incorporate multiple factors at both large and small scales(e.g., Denny et al. 1985, Leigh 
et al. 1987, Denny 1988, 1995, Wing and Patterson 1993, Gaylord et al. 1994). 
Automated physical data collecting devices (e.g., temperature, light, and depth sensors 
with attached data loggers) have become increasingly small, efficient and inexpensive, 
greatly expanding our ability to monitor many physical variables and integratethem over 
space and time. These sorts of measurements combined with small scale experiments to 
determine important biological interactions should greatly expand our ability to model 
and predict the response of communities to environmental change. 
Although the FG model was not a good predictor of either total biomass or 
functional group diversity, the abundance of most of the functional groups examined 
were correlated with several of the environmental gradients examined, albeit not 
necessarily in the direction predicted. Species richness was also more tightly coupled to 
these environmental gradients than functional group diversity.  Thus, the functional group 
approach, although not devoid of problems, may still have considerable utility with some 
important modifications. It is likely to be significantly improved by a separate modeling 
of biological and physical processes. Furthermore, gradients of environmental potential 
must be operationally defined independently ofthe resident organisms of the community. 
Environmental gradients should define physical limits to biological and physiological 
processes. Future research should focus on developing an index that captures the 
physical and physiological limits to algal productivity in marine environments, while 
simultaneously incorporating the dynamic interactions between algal functional groups 
and consumers. 172 
CHAPTER 5
 
General Conclusions 
In this thesis I investigated the roles of nutrients, herbivores, and wave exposure 
in structuring an intertidal community. In chapter two, I modified the predictions of a 
simple food-chain model to include hypothesized hydrodynamic effects on nutrient 
delivery rates and herbivore foraging efficiency and tested the predictions. I took 
advantage of the partially-closed nature of small tidepools to manipulate nutrients during 
low tide. I used a jackhammer to create artificial pools, thereby controlling for the 
confounding effects of physical and historical differences among naturally occurring 
pools. To test the predictions of the model, I combined nutrient additions with 
manipulations reducing the abundance of herbivorous invertebrates in a fully factorial, 
randomized-block design, with replicates placed in both a wave-exposed and wave-
protected site. 
The results of the experiment, which was monitored over two years, suggest that 
nutrients can be an important factor in the structure of algal assemblages, even in an 
upwelling region where they are rarely considered limiting. The effect of nutrients was 
most pronounced among fleshy algal species, but total algal biomass was also increased 
when nutrients were added and herbivores reduced. Nutrients had the most dramatic 
effect in wave-protected tidepools, where nutrient delivery rates were hypothesized to be 
lowest due to decreased flow rates. However the effect of herbivores on algal abundance 
was also greatest in wave-protected pools. Becauseprevious research had demonstrated 173 
that herbivore feeding efficiency is reduced with increasing wave-exposure, this factor 
was incorporated into model predictions. 
Contrary to the predictions of simple food-chain models, herbivores had a 
negative impact on primary productivity. Unlike algal turfs in coral reefs grazed by 
urchins (Carpenter 1986) and grasslands grazed by ungulates (McNaughton et al. 1989), 
where primary productivity is increased as a result of grazing, the productivity of 
seaweeds in tidepools declined with an increase in herbivory. Herbivores in wave-
protected pools virtually eliminated all fleshy algae; the majority of the remaining algal 
cover consisted of calcified algae, both articulated and crustose corallines. Apparently, 
the only seaweeds able to capitalize on the increased availability of nutrients and translate 
it into increased growth, had no effective refuge from the herbivores in these pools. 
These results are consistent, however, with the hypothesized trade-offin plants between 
maximum growth rates and resistance to herbivory (e.g., Coley et al. 1985, BR7Z27 et al. 
1987). 
Patterns of total herbivore biomass and numerical abundance varied with wave 
exposure, but not with nutrients. Food-chain models predict an increase in herbivore 
biomass, with increasing resource supply rates to primary producers, when plants are able 
to increase their productivity both in the presence and absence of herbivores. However in 
tidepools with herbivores, the relative abundance of two major functional groups was 
sharply shifted toward morphologically-defended coralline algae. Coralline algae have 
lower maximum rates of production than most fleshy seaweeds (Littler and Murray 1974, 
Littler and Littler 1980b), and as stated above, did not respond to nutrient additions. 174 
Thus, nutrient additions, in the presence of herbivores, did not generate the higher 
productivity necessary to attract mobile consumers (Wootton et al. 1996). 
I concluded from this study, that simple food-chain models, although limited in 
their direct applicability to this simple, two trophic-level intertidal system, provide a 
reasonable template to build upon. Modifications of model predictions to include 
hydrodynamic factors known to influence both herbivore efficiency and nutrient delivery 
rates, successfully predicted the variation in response to both nutrient and herbivore 
manipulations at sites that differed in wave exposure. Further modifications to include 
variation in the maximum growth rates of different functional groups, and their relative 
resistance to herbivory should prove fruitful. 
During the course of testing the effectiveness of my nutrient dispensers, I 
observed that nutrients were often removed from tidepools during low tide at a rate equal 
to dispenser release rates - resulting in no apparent increase in ambient nutrient levels 
when nutrient dispensers were present. This observation, together with the fact that 
virtually no studies have been done to document nutrient fluxes in tidepools, prompted 
me to investigate community-level nutrient dynamics in tidepools. In chapter three, I 
examined patterns of nutrient depletion and uptake in tidepools under the various 
combination of nutrient additions and herbivore reductions described in chapter two. 
In tidepools where no nutrients had been added, nitrates were rapidly depleted 
during low tide. Ambient nitrate levels were relatively high during the course of this 
study due to strong upwelling. In contrast, ambient levels of ammonium and phosphate 
in the ocean were low and did not change markedly in the pools during low tide. I found 
that nutrient uptake rates for whole pools, and on a biomass-specific basis, were 175 
significantly increased by nutrient additions for all three nutrients. Uptake rates for whole 
pools, at the wave-protected site, were greater where herbivores had been reduced, but did 
not vary when considered on a biomass-specific basis. In addition, uptake rates of both 
nitrates and phosphates were significantly correlated with the cover offleshy macroalgae. 
The relationship between fleshy algal cover and uptake rates, coupled with the 
experimental results demonstrating nutrient limitation of algal growth, particularly fleshy 
algae, in chapter two, led me to conclude that nutrients can influence the relative 
abundance of algal functional groups. Fleshy algae are more abundant where nutrient 
delivery rates are highest. However, the influence of nutrients also varied with wave 
exposure; nutrients did not limit algal growth in wave exposed pools. In synthesizing 
these results with other studies, I proposed a testable, mechanistic model whereby 
nutrient limitation was a function of pool volume, duration of tidal isolation, water flow 
rates during high tide, and herbivory. Thus, fleshy algae are predicted to be most 
abundant where nutrient availability is high and refuges from herbivory exist. I also 
demonstrated that tidepools provide useful mesocosms to manipulate nutrients and 
explore the interaction between nutrient fluxes and community structure, which is poorly 
understood in open coast habitats. 
In chapter four I examined patterns of diversity and abundance in tidepool algal 
assemblages in the context of a functional group model. Steneck and Dethier (1994) 
recently proposed a predictive model for the structure of marine algal assemblages based 
on functional groups and environmental gradients. They identified two primary gradients 
as responsible for structuring algal abundance, distribution, and diversity patterns. These 
two gradients oppose each other: one is the biomass reducing potential of the 176 
environment, while the other is the biomass enhancing potential of the environment. 
They coined the terms productivity potential and disturbance potential to denote that 
these gradients should not be measured as realized productivity and disturbance (a 
product of both intrinsic and extrinsic properties of the environment), but rather as 
extrinsic properties of the environment. Functional groups were defined by a 
combination of algal physiological and morphological attributes. The framework 
suggests important commonalities exist between terrestrial and marine plant assemblages. 
I organized the species-specific data I collected during the experiment in chapter 2 
into the functional groups suggested by Steneck and Dethier (1994), to test the 
predictions of the functional group model (hereafter FG model).  One of the model's 
major predictions is that herbivore potential and disturbance potential should 
independently and additively determine both total algal biomass and functional group 
diversity patterns. I used their definition to calculate productivity potential, using the 
productivity measurements I made in chapter two. Consistent with their methods, 
herbivore biomass was the measure I used to define the gradient in disturbance potential. 
Because they argued that other biomass reducing processes, such as physical 
disturbances, could be substituted for herbivore biomass I considered two alternative 
gradients of physical disturbance that are known to be important in this system: potential 
for scour by cobbles and gravel, and potential for losses due to wave forces. I also tested 
the hypothesis that the noise of individual species impairs our ability to see patterns that 
are more clearly represented by functional groups. I compared the performance of two 
response variables: a simple index of functional group diversity (number of functional 
groups) to the more traditional index of species richness(S). 177 
The results of the analysis led me to conclude that the FG model is not a good 
predictor of total biomass or functional group diversity in its current state. Many of the 
individual functional groups had trends in their abundance that were correlated with the 
environmental gradients, suggesting a relationship does exist between the functional 
groups and the gradients considered. However, functional groups did not respond to 
alternative disturbance gradients similarly, suggesting that biological (i.e., herbivores) 
and physical (i.e., scour, wave forces) processes cannot be lumped. Thus, successful 
modeling of herbivory as a factor independent of the dynamics of its resources seems 
unlikely. 
Patterns of algal diversity along environmental gradients were not better described 
by the functional group diversity index when compared to species richness. Species 
richness explained almost twice as much of the variance as functional group diversity. 
Although functional groups may dampen the noise of species blinking in and out, they 
also reduce the signal. I argue that functional group approaches still have validity, but 
that biological and physical processes must be modeled separately and gradients of 
environmental potential must be operational defined in manner that is truly independent 
of the resident organisms of the community. The gradients should define physical limits 
to biological and physiological processes, while the model should include dynamic 
interactions between algal functional groups and consumers as well. 178 
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